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Abstract of a Dissertation submitted in partial fulfilment of the 
requirements for the Degree of Doctor of Philosophy in Ecology. 
Abstract 
Agroecology of a salad crop pest in New Zealand 
 
by 
Ryan James Rayl 
 
A key pest of brassicas worldwide is the leaf-mining fly, Scaptomyza flava, the larvae of which can 
cause cosmetic damage leading to crop rejection by supermarkets/consumers. In climates where 
leafy salad brassicas are harvested all year, the flies are almost always present. This necessitates 
control throughout the entire harvesting season and this usually consists of the prophylactic 
application of insecticides. One way of potentially ameliorating the negative environmental impacts 
of this approach is to enhance the effectiveness of biological control by providing alternative food 
sources for natural enemies. Planting of selected flowering plants can be useful in this respect, as 
many parasitoids and other beneficial insects feed on nectars. This in turn, can improve their efficacy 
by increasing fecundity, longevity and other aspects of their biology, contributing to increased 
‘fitness’ and efficacy. This PhD aimed to find selective flowering plants that provided more benefit to 
the natural enemy when compared with the pest. This work was conducted through a series of 
laboratory and field experiments. Before the selection of flowering plants occurred, it was clear that 
the common practices facilitating handling drosophilid flies (carbon dioxide and chilling) were not 
appropriate for this work as it had been found that those methods can impact on the longevity of 
some insects. So, a series of experiments was conducted to compare alternative handling 
methodologies. Triethylamine (TEA) was compared with chilling and carbon dioxide because it had 
been shown in the literature to have some success but was still poorly studied and had not been 
used specifically to handle insects for ecological studies. Carbon dioxide and chilling were common in 
the literature as most studies that handled insects used one of these two. It was found in this work 
that triethylamine does not affect longevity and has a long anesthetic effect on the flies. So, TEA was 
used to handle the insects for the bioassays with flowering plants. Once this aspect of the work had 
been completed, female S. flava and one of its natural enemies, the braconid parasitoid wasp 
Asobara sp. (nr. persimilis) were used to evaluate six cultivars of alyssum (only the fly was used for 
these cultivars) and four flowering plant species (alyssum, buckwheat, phacelia and Leptinella dioica, 
Hook.f.). The latter is an endemic New Zealand plant in the Rosaceae. Cultivars differed from each 
ii 
other in their effect on the fly and on A. sp. (nr. persimilis). Buckwheat appeared to enhance 
longevity of the fly and the natural enemy to the greatest degree. The crop was Brassica juncea L. 
‘Mizuna’. Problems associated with the frequency distribution of the data meant that although Cox’s 
proportional hazard model was initially used to compare survival times on different flowers, 
monotone likelihood made it difficult to ascribe statistical significance to the comparisons. Rankings, 
however, were consistent for the pest and Asobara and conclusions were drawn with appropriate 
caution. Because of the somewhat equivocal nature of the data and results, an analysis of variance 
was conducted to provide more robustness to the conclusions drawn. It seemed that none of the 
flower species evaluated was more beneficial to the parasitoid than to the pest. However, models 
have shown that as a parasitoid’s attack rate is the most important parameter in that natural 
enemy’s biocontrol potential, no differences between the effects of the ‘best’ flower (buckwheat 
(Fagopyrum esculentum) between the pest and the parasitoid) do not mean that other parameters 
which could have been recorded for that and other plants do not differ in their relative contributions 
to potential ‘fitness’ of the parasitoid and its host in the studied system. Attack rate a sensu Bailey et. 
al. has been shown to be the most important variable in this respect and can improve when 
buckwheat nectar is provided to some parasitoids. In the field, insect sampling targeting S. flava and 
its parasitoid occurred before and after buckwheat was sown to obtain information on a wide range 
of potential natural enemies of Scaptomyza and how they are affected by the buckwheat. A marking 
technology (rubidium chloride) was used to investigate patterns of potential natural enemy numbers 
in relation to that plant’s flowers. Analysis was also carried out on the invertebrate natural enemy 
communities in that area. Overall, the work was the first time that these research questions had 
been applied to S. flava and useful ideas for future biological control work on this pest were 
demonstrated. 
Keywords: Agroecology, anesthesia, Asobara sp. (nr. persimilis), carbon dioxide, chilling, 
conservation biological control, Diptera, Brassica juncea, flowering plants, GIS, Hymentoptera, leaf 
miners,  longevity, parasitoids, resource subsidies, Scaptomyza flava, survival analysis, triethylamine, 
tri-trophic interactions, trophic cascades, 
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Chapter 1 
Introduction 
1.1 Overview 
Current practices of prophylactic pesticide use in agroecosystems are detrimental to human health 
and the environment (Unruh et al., 2012; Schmitz & Barton, 2014). Also, pests, weeds and plant 
pathogens quickly develop resistance that severely impacts on their effectiveness (Guedes, 2017). 
Alternative approaches to these high-input practices are being developed. One such research area 
manipulates the agroecosystem to favour pests’ natural enemies (NE), so that pest suppression can 
be achieved with minimal inputs (Gurr et al., 2017). The key components of this idea can be 
summarised by the acronym SNAP (Shelter, Nectar, Alternative food and Pollen; Gurr et al., 2017). 
This approach is called conservation biological control (Cons BC) (DeBach, 1964; Barbosa & Wratten, 
1996; Eilenberg et al., 2001). Cons BC also closely ties into ecosystem services (ES), ecosystem 
functions from which humans derive value (Jax et al., 2013). This is because many aspects of SNAP as 
well as enhanced biological control are directly valued by humans and this additional value makes 
Cons BC even more robust and attractive for implementation. Examples include aesthetics, 
pollination and soil improvement. Some well-established Cons BC techniques that have been 
vigorously examined within the scientific community include but are not limited to providing: refugia 
using ‘beetle banks’ (Thomas et al., 1991) or other ecological enhancement schemes (EES) (Batary et 
al., 2011), alternative food through food sprays, alternative prey/hosts or nectar/pollen and using 
trap crops (Khan et al., 2011) creating barriers to pest movement (Messelink et al., 2014; Roubos et 
al., 2014; Gurr et al., 2015; Sandhu et al., 2016). Ideally, providing all the four components of SNAP 
would have an additive/synergistic effect that would greatly favour natural enemies over the pests 
and pest suppression would occur. This can also be referred to as enhancing trophic cascades using 
resource subsidies. Each pest/crop is unique and needs specific research to find the most appropriate 
combination of SNAP. One such technique is to sow flowering plants within and around 
agroecosystems (Lu et al., 2014). Not only can these plants provide shelter, nectar and pollen for NE, 
but they can also provide refugia for alternative hosts/prey of the NEs (Lu et al., 2014). Buckwheat is 
an example of a flowering plant that can also provide more than one ES that includes, but is not 
limited to: pest control, pollination, soil improvement and eco-tourism (Shields et al., 2016). 
Conservation biological control, including its potential negatives, is explored in more detail in Chapter 
2. The rest of this Introduction discusses in more detail a whole system approach to agriculture and 
then outlines the details of the study system used in this thesis and the approaches used. 
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1.2 History of pesticide use 
The convention of widespread pesticide use was established for controlling pests with little cost and 
effort (Hillebrandt, 1958). However, pesticide use is often not economic over time because of 
environmental damage, non-target toxicity and the evolution of pest resistance, especially in 
invertebrates (Wardlow et al., 1976; Ridgway et al., 1978; Pimentel et al., 1992; Hagenbucher et al., 
2016; Grigoraki et al., 2017). The frequent prophylactic use of pesticides leads to pesticide resistance, 
increasing cost and effort for control (Mallet, 1989; Leibee & Capinera, 1995; Guo et al., 1998; Wilson 
& Tisdell, 2001; Weston et al., 2004, 2005; Abhilash & Singh, 2009; Hagenbucher et al., 2016; 
Grigoraki et al., 2017). Not only can the efficacy of pesticides decrease over time, but pesticide use 
can alter interactions in food webs and severely damage ecosystem functions (Weston et al., 2004, 
2005).  
Many pesticide residues can move within and between ecosystems and persist in the environment 
through adsorption, bioaccumulation and leaching etc. (Pimentel et al., 1992; Wilson & Tisdell, 2001; 
Weston et al., 2004, 2005; Abhilash & Singh, 2009). Bioaccumulation is the process through which 
toxins in an environment accumulate as they move up trophic levels in food webs. Prey organisms 
can take up small concentrations of toxins that have no negative effects at a lower trophic level but 
which may be concentrated in predators, leading to losses of ‘fitness’ or death. Even small-dose 
exposure to pesticide residues can cause behavioural changes (Goulson, 2013), disease, illness or 
death in many species of organisms if exposed over long periods of time (Ridgway et al., 1978; 
Wilson & Tisdell, 2001; Konradsen et al., 2003; Abhilash & Singh, 2009; Araujo et al., 2017). The cost 
of developing new pesticide molecules is also increasing drastically, partly because of the increasing 
time it takes to fulfil all the requirements to certify a pesticide (Carvalho, 2006; Abhilash & Singh, 
2009). These challenges to pesticide use and their consequences are leading to increasing awareness 
and suggests that an alternative whole-system approach to pest management is needed. 
1.3 Whole-system approaches 
Integrated pest management (IPM) is a whole-system approach that has been tested and successfully 
implemented in many cropping systems, with the aim to reduce the environmental impacts of 
farming and to create an avenue for more sustainable agricultural practices (Bottrell & Smith, 1982; 
Blommers, 1994; Kogan, 1998; Demoranville et al., 2000; Cook et al., 2007; Birch & Begg, 2010). IPM 
focuses on the use of appropriate pesticides with limited effects on pests’ natural enemies, crop 
scouting in relation to the economic injury level (EIL), host-plant resistance, transport in waterways 
and across the landscape etc. (Bottrell & Smith, 1982; Blommers, 1994; Kogan, 1998; Demoranville et 
al., 2000; Cook et al., 2007; Birch & Begg, 2010).  
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A successful IPM programme can reduce pest incidence, environmental impact and even pesticide 
use (increased accuracy and timing leads to less spraying overall) while increasing crop yield (Bottrell 
& Smith, 1982; Blommers, 1994; Kogan, 1998; Demoranville et al., 2000; Cook et al., 2007; Birch & 
Begg, 2010). It rarely includes habitat manipulation to enhance biocontrol effectiveness including 
conservation biological control (Cons BC) as this is a relatively new part of biocontrol science (Gurr et 
al., 2017). In recent years, public and political opinion in Europe, Australia and the United States has 
tended to demand little to no pesticide residues on consumed products. This created a need to 
reduce pesticide use even further for export to these countries. Recently, Cons BC has become a 
popular concept as a means of enhancing biocontrol effectiveness as a key ecosystem service (ES) in 
farmland. ES are generally fundamentally important to ecosystem health and have a considerable 
value in that area (Costanza et al., 2006; Wratten et al., 2013). Cons BC focuses on restoring, 
enhancing, and sustaining biocontrol and possibly multiple ES, in response to the demand for few 
pesticide residues (De Schutter, 2009a, 2009b; Wratten et al., 2012). Cons BC can work in association 
with some pesticides, but manages natural enemies which already exist in or around the target 
agroecosystem (SNAP). 
1.4 Trophic cascades: enhancement through resource subsidies 
In agroecosystems, predicting and suppressing pest outbreaks can be difficult because many 
variables are involved for successful control. Fortunately, when natural enemy populations are high, 
pest outbreaks become infrequent and pest damage to crops may fall below economic thresholds 
(ET) and EILs. Augmentation of natural enemy populations is an important aspect of Cons BC (Kean et 
al., 2008). Resource subsidies and trophic cascades are relatively novel concepts that have been 
developed to augment natural enemy populations and/or efficacy (Tylianakis et al., 2004; Winkler et 
al., 2006; Araj et al., 2008; Balzan & Moonen, 2014; Roubos et al., 2014). 
Trophic cascades are ‘downstream effects’ from higher trophic levels influencing at least two levels 
below it (Tscharntke & Hawkins, 2002). For example, predation of herbivorous pests which leads to 
more plant biomass is a trophic cascade from level 3 to level 1 (Pace et al., 1999; Schmitz et al., 2000; 
Halaj & Wise, 2001). Trophic cascades can be enhanced through resource subsidies, which are energy 
or nutrient flows from a source which is normally outside the trophic system under study (Richardson 
et al., 2010). A resource subsidy can increase the fitness of a beneficial organism and can even trigger 
a stronger cascade (Pace et al., 1999). In the context of Cons BC, resource subsidies are included in 
SNAP (Gurr et al., 2017). 
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1.5 Study system 
Globally, many brassica species are grown for their leaves and are an important part of human diets; 
salad brassicas and leafy bok choi and its relatives are especially common in south and east Asia. 
These leaves are often processed to be packaged for supermarket fresh sales, which in New Zealand 
generated 53.7m NZD (~37.8m USD) in 2015/2016 (Wilkinson et al., 2015). The major pest of these 
brassicas in NZ is a leaf mining fly, Scaptomyza flava Fallén in the family Drosophilidae. S. flava 
populations are suppressed mainly by using prophylactic pesticide applications. This control method 
dominates because the fly lays eggs on the surface of the leaf, the larvae emerge from the eggs and 
then burrow down through the leaf’s surface and then start consuming the mesophyll cells, leaving 
white to brown mines. The early stages of this damage are not easily discernible with the naked eye 
(Seraj, 1994) and are considered cosmetic because they do not cause direct yield loss. These early 
serpentine mines are succeeded by blotch mines, as the larvae grow. However, such leaves are 
completely rejected in the pack house. This causes more pressure on the grower to generate 
unblemished leaves, which leads to more reliance on prophylactic pesticide application, even if the 
damage has not reached the threshold at which they cause noticeable/monetary damage. However, 
such thresholds for this pest are either so low as to be inoperable or have not been established. 
This PhD project aimed to address this prophylaxis issue by attempting to develop a conservation 
biological control programme. Although there are no established ETs for this system, a Cons BC 
programme is still relevant because it can reduce the amount of damage done by the pests, which 
reduces the number/proportion of damaged leaves/plants. If successfully implemented, this reduces 
processing time and in turn decreases inputs and costs to the farmer. The focus of the research was 
finding candidate flowering plants (as mentioned above) to provide SNAP to NEs. In this specific 
agroecosystem, it was found that the main NE of S. flava was a parasitoid wasp, Asobara sp. (nr. 
persimilis) Papp, 1977 (Braconidae) (Martin, 2012). A. sp. (nr. persimilis) was chosen as the study NE 
because it had been mass reared and then released across New Zealand in 2009 (MacDonald et al., 
2011). A. sp. (nr. persimilis) is a larval and pupal endo-parasitoid that originated from Australia but 
has been found all over New Zealand’s North Island throughout the year by being reared from S. 
flava pupae (Martin, 2004, 2012). A. sp. (nr. persimilis) parasitizes the larvae or pupae of S. flava and 
then kills the pupal stage before it can fully develop, this type of parasitoid is a koinobiont. 
As a first step, identifications were conducted on S. flava individuals from the field to ensure that the 
biocontrol target was indeed S. flava. Morphological as well as molecular identification (DNA 
barcoding by amplifying the COI region of S. flava, Folmer et al., 1994) both confirmed the specimens 
as S. flava. A. sp. (nr. persimilis) specimens were provided by Emma Barraclough at Plant and Food 
Research, Tamaki Campus, Auckland, NZ. A. (nr. persimilis) was then reared at Lincoln University. 
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Once the identifications were completed this work had two main components: laboratory and field 
experiments. The former were used to rear colonies of flies, refine insect anesthesia/handling 
methodologies, and find candidate flowering plant species for future field deployment. In the field, 
the abundance and distribution of the insects before and after buckwheat (Fagopyrum esculentum 
‘Katowase’ Moench.) was deployed. The insects were also tracked using a mark and recapture 
methodology to try to determine their dispersal patterns after feeding on rubidium-labelled 
buckwheat nectar (Corbett et al., 1996; Scarratt et al., 2008). This PhD began as a new partnership 
with a New Zealand company (SNAP Fresh Foods) to innovate their agroecosystem management 
through a Callaghan Innovation Fellowship. The work conducted here was within the framework of 
conservation biological control. This type of approach has many challenges, as do the other two 
(classical and augmentative; Gurr & Wratten, 2000) and these and prospects for enhancing the 
efficacy of this method are reviewed in more detail in Chapter 2. In particular, biological control of a 
pest which spends a significant part of its life cycle make the work in this study a particular challenge.
This chapter has been accepted for publication in the Sustainable Agriculture Reviews series 
published by Springer/Nature. Ed. E. Lichtfouse. ISBN 2210-4410  
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Chapter 2 
Conservation biological control of insect pests: Benefits, limitations 
and implementation 
2.1 Introduction 
Projections for the human population indicate that it will reach 9 billion globally by 2050 (Godfray et 
al., 2012; Tscharntke et al., 2012; Ingram et al., 2013). Pesticides, fertilizers and irrigation have been 
key components of this growth to date (Cooper & Dobson, 2007; Tilman et al., 2011), as in the ‘Green 
Revolution’ (Tilman, 1998). Prophylaxis has been a common approach (Unruh et al., 2012; Schmitz & 
Barton, 2014) and reports to the United Nations (de Schutter, 2010; United Nations, 2017) confirm 
that this  use of pesticide has caused external costs such as reduced human health and 
environmental issues (Sandhu et al., 2012; Tscharntke et al., 2012). This has led to a decrease in 
support for the use of pesticides, especially in the European Union (United Nations, 2017). 
The demand for low-input alternatives to pesticides has arisen from issues with pesticide resistance, 
increasing costs and regulation, and emerging consumer pressure (Jetter & Paine, 2004; Grygorczyk 
et al., 2014; Wollaeger et al., 2015; Gurr et al., 2017; United Nations, 2017).  This has triggered a 
growing interest for policymakers to create programs that support sustainable growth (Fabinyi et al., 
2016; Gartaula et al., 2016), sometimes called ‘sustainable intensification’ (Godfray et al., 2010). One 
of these alternatives is manipulating the agro-ecosystem to make it more favorable for natural 
enemies, this is known as conservation biological control (CBC) (Begg et al., 2017; Gurr et al., 2017). 
Many techniques can be used under the umbrella of CBC to manipulate the agro-ecosystem in this 
way; some of these include floral resource augmentation (Figure 1) (Pywell et al., 2015; Tschumi et 
al., 2015; Gurr et al., 2016), ‘beetle banks’ (a type of banker plant) (Thomas et al., 1991; MacLeod et 
al., 2004) or artificial food sprays (Seagraves et al., 2011; Tena et al., 2015). A key and well-used 
acronym which encompasses most aspects of how the environment can be manipulated under CBC is 
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SNAP: Shelter, Nectar, Alternative food and Pollen (Figure 1) (Gurr et al., 2017). In recent work, the 
nectar and pollen components can be summarized by another acronym: BAP. This captures 
buckwheat, (sweet) alyssum and phacelia, which are often the most effective floral additions to 
crops, founded by prior laboratory bioassays. Although CBC is popular with the scientific community 
and many studies have explored different aspects of it, many unanswered questions remain. For 
example, to what extent do added resources act synergistically to provide multiple ES delivery or do 
they include elements of redundancy and competition, generating ecosystem dis-services?  
 
Figure 1. Lobularia maritima ‘Benthamii White’ (alyssum) amongst spinach and lettuce crops in 
Auckland, New Zealand. The alyssum was planted to provide SNAP (Shelter, Nectar, Alternative food 
and Pollen) for parasitoid wasps that parasitize larvae of a leaf mining fly pest. Photo: Ryan Rayl. 
2.2 The practicalities of conservation biological control   
When applying CBC in an agro-ecosystem, the natural enemy-pest community needs to be assessed 
and manipulated in a range of ways. The acronym, ARMED, can be helpful in this process: Assess, 
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Rank, Manipulate, Evaluate, Deploy (Shields et al., in press). A range of sampling methods exist to 
Assess which species comprise the invertebrate community in a particular crop and, to some extent 
at least, to which guilds the different taxa belong. The taxa can then be Ranked in a number of ways. 
The simplest being abundance. Populations and efficacy of some individuals or guilds can then be 
Manipulated, the effects of which then need to be Evaluated. After evaluation, the protocols 
developed to manipulate the arthropods need to be Deployed appropriately in agro-environment 
schemes, with effective delivery systems and pathways to implementation. In that context, Wratten 
et al. (in press) showed that although the number of agro-ecological publications has increased 
exponentially in recent decades, this has not usually led to many on-farm outcomes, with the 
exception of work by Khan et al. (2011) and Gurr et al. (2016). It is important to note that attempts at 
the ARMED process may reveal ecosystem dis-services (EDS) which at least partially negate the 
benefits (Tscharntke et al., 2005; Bianchi et al., 2006; Tschumi et al., 2015; Rusch et al., 2016; Gurr et 
al., 2017). EDS in the context of CBC are specific unintended negative impacts from the added 
biodiversity and its processes (Zang et al., 2007; Gurr et al., 2017), such as added plants becoming 
weeds (Shields et al., 2016). 
Although this focus on floral resources has generated many successful manipulations that have 
reduced pest numbers (Géneau et al., 2012; Tschumi et al., 2015), much less work has been done in 
terms of alternative hosts or prey living on the provided flowering plants (Messelink et al., 2014; Gurr 
et al., 2015; Gillespie et al., 2016). This aspect is represented by the A in SNAP. Furthermore, if some 
insect species feed on both the deployed plants and the adjacent crop, then targeting that potential 
EDS needs to be quantified.  
 
2.2.1 Non-consumptive effects in conservation biological control  
Non-consumptive effects (NCE) are changes in prey behaviour and physiology that improve their 
predator avoidance (Buchanan et al., 2017; Hermann & Landis, 2017), which can impact pest 
management and influence entire agro-ecosystems through trophic cascades (Hermann & Landis, 
2017). This emerging field of study has already found strong evidence that NCE may have a 
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substantial role in reducing pest damage and needs to be considered when developing protocols for 
CBC. Many studies have shown that prey respond to predators by changing either their behaviour or 
physiology to reduce the risk of predation. These include increased predator avoidance (Wratten, 
1976; Hoefler et al., 2012; Lee et al., 2014), reduced feeding (Rypstra & Buddle, 2013; Kaplan et al., 
2014; Thaler et al., 2014), reduced oviposition (Wasserberg et al., 2013; Sendoya et al., 2009) and 
changes in host plant preference (Wilson & Leather, 2012; Sidhu & Wilson Rankin, 2016).  
To manipulate NCE in CBC, the specific mechanisms of predator detection must be understood. 
These are predominantly chemical cues (Gonthier, 2012; Hoefler et al., 2012; Gonzalvez & Rodriguez-
Girones, 2013; Hermann & Thaler, 2014) such as aphids (Rhopalosiphum padi L.) having reduced 
colonisation on plants where ladybird beetle (Coccinella septempunctata L.) larvae  had previously 
foraged (Ninkovic et al., 2013).  Another example is reduced feeding of Colorado beetles 
(Leptinotarsa decemlineata Say) when exposed to the predatory stink bug, Podisus maculiventris Say 
(Hermann & Thaler, 2014).  However, visual detection of predators, while often undervalued, may 
contribute substantially to predator avoidance (Sendoya et al., 1996). For instance, pollinator 
visitation decreased when models that look like crab spiders were on the flowers (Antiqueira & 
Romero 2016). Also, dried ants pinned to plants reduced butterfly oviposition (Sendoya et al., 2009). 
One of the most important NCE that should be investigated in CBC manipulations is pests modifying 
their choice of host plant from the preferred hosts to one of lower nutrition, based on their 
perceived predation risk (Hermann & Landis 2017). For instance, in a mesocosm experiment, the 
grasshopper, Melanoplus femurrubrum De Geer, switched from preferred grasses to less nutritional 
forbs when the spider predator, Pisaurina mira Walckenaer, was present (Schmitz, 1998). The 
potential for manipulating NCE in CBC habitat manipulation and IPM protocols is enormous, such as 
in push-pull systems (Hermann & Landis 2017). However, very few studies have been conducted in 
the field at time scales longer than 1 week or investigated the impacts of NCE on agro-ecosystem 
functions and across different spatial scales (Hermann & Landis 2017). 
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2.2.2 The importance of long-term studies  
Communities and landscapes change over time and with those changes comes the shifting of the 
natural enemy-pest community. Most studies to date have examined short-term effects (<3 years) in 
these systems. Gillespie et al., (2016) and Gurr et al., (2017) have both stressed the need for more 
long-term studies. Both agree that short-term studies cannot accurately capture population trends of 
the organisms in and around the agro-ecosystem. Providing SNAP in the form of annual flowering 
plants for one season only is the most common practice (Figure 1). Naturally-occurring SNAP, for 
example through perennial shelter, can operate more long term. Other examples are manipulated 
hedgerows (Holland et al., 2016), beetle banks (Thomas et al., 1991; MacLeod et al., 2004) and long-
term plantings of some biofuel crops (Figure 2) (Porter et al., 2009; Littlejohn et al., 2015). Short-
term rotational coppice (Langer 2001; Rusch et al., 2014) and plantings of the giant hybrid grass 
Miscanthus x giganteus (Greef et Deu) can provide refugia for natural enemies (Figure 2) (Semere & 
Slater, 2007; Shields et al., in press) as well as providing other non-biological control refugia 
(Littlejohn et al., 2015). However, there are many ecological mechanisms which impede the delivery 
of biological control from refugia and these are reviewed in Tscharntke et al. (2016). A good example 
is that in Europe, carabid beetles and other predatory fauna disperse into the adjacent crop from 
hedges and beetle banks in the spring (Thomas et al., 1991; Holland et al., 2016), while in New 
Zealand, those habitats provide refugia all year round with little emigration from them (McLachlan & 
Wratten, 2003).  
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Figure 2. Miscanthus x giganteus (Greef et Deu) shelterbelt on a dairy farm providing refugia for 
natural enemies, Canterbury, New Zealand. Photo: Chris Littlejohn. 
 
2.3 Spatial scales from plots to agro-ecosystems  
Research strongly suggests that monocultural agro-ecosystems are detrimental as they can lead to 
higher pest populations (Kremen & Miles, 2012; Nilsson et al., 2016; Rusch et al., 2016). Although 
much research supports agro-ecosystem diversification, recent evidence suggests that this can be a 
complex problem to address and is not as straightforward as increasing diversity in these agro-
ecosystems. There is now considerable evidence suggesting that agro-ecosystem management 
should take place at the landscape scale because it can provide better arthropod management 
(Tscharntke et al., 2007; Karp et al., 2012; Chaplin-Kramer et al., 2013; Roubos et al., 2014). This is 
because it was found that at a landscape scale of at least 2.5 km, there was a strong relationship 
between natural habitat and the abundance of predatory flies (Chaplin-Kramer et al., 2013).  
While it is true that diverse cropping systems generally do lead to more natural enemies, fewer pests 
and less crop damage, in some cases yield can significantly decline (Jonsson et al., 2010; Tscharntke 
et al., 2016; Begg et al., 2017; Gurr et al., 2017). This was demonstrated by Letourneau et al. (2011) 
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in a meta-analysis using hundreds of case studies.  The message from that and many other studies is 
that when, for example, flowering plants are added to an agricultural or horticultural system, part of 
the selection criteria is that their effect on yield should be minimal (e.g. Balmer et al., 2014; Iverson 
et al., 2014; Pywell et al., 2015; Shields et al., 2016).  This has certainly been the case when 
buckwheat (Fagopyrum esculentum Moench.) and phacelia (Phacelia tanacetifolia Benth.) are sown 
between vine rows (Figure 3) (Berndt et al., 2006; Barnes et al., 2009) and when flowering sesame 
and other species are used in rice (Gurr et al., 2016).    
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Figure 3. Phacelia tanacetifolia in the inter-row of vines, Waipara Valley, New Zealand. Photo: Jean-
Luc Dufour. 
Plant diversification often positively influences arthropod diversity (Parker et al., 2010; Haddad et al., 
2011; Iverson et al., 2014; Hatt et al., 2016; Begg et al., 2017), but also the type of diversification can 
affect different aspects of the agro-ecosystem, including negative influences. The proportion of 
natural habitat surrounding the farm directly influences the abundance of natural enemies (Chisholm 
et al., 2014) but can also increase pest abundance in some cases (Tylianakis & Romo, 2010). This can 
be attributed to such factors as intra-guild predation, which can include the killing and consumption 
of potential competitors, i.e. other natural enemy species. Other factors associated with natural 
habitat that can contribute to increased pest abundance are barriers to movement and resources, 
such as hedgerows (Mauremooto et al., 1995), as well as abiotic factors (Thomas et al., 1991). These 
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factors can benefit the second trophic level, i.e. the herbivore pest, more than the third trophic level 
(the natural enemies).  
2.4  Interactions with the landscape  
It is important to note that there are many indirect effects that the habitat has on the natural enemy-
pest community. Plants can indirectly influence the diversity of parasitoids (parasitic wasps) without 
affecting pest populations (Tylianakis & Binzer, 2014). Changing land use has also been connected to 
differing densities of natural enemies (Zhou et al., 2014; Begg et al., 2017) and the presence of 
secondary pests can influence the abundance of other natural enemies (Bompard et al., 2013). 
Secondary pests are organisms that do not cause substantial damage unless their natural enemies 
are removed (Maxwell & Jennings, 1980). Another challenge is that the target pests, or others, can 
also feed on floral resources and increase their fitness (Gurr et al., 2017). Ecosystem dis-services 
(EDS) of this type can diminish CBC effectiveness. It has also been suggested that non-crop species 
can compete for pollinators when the crop requires pollination but actual studies of this are rare 
(Free, 1993; Holzschuh et al., 2012). These indirect effects on the natural enemy-pest community are 
likely to be specific for each agro-ecosystem and need to be considered as such when developing 
habitat management protocols for CBC.  
Chemical fertilizers, herbicides, conventional tillage and pesticide application are all primary 
techniques in agricultural systems. These can stifle agro-ecosystem stability and decrease the 
abundance and diversity of natural enemies (Altieri, 1999; Begg et al., 2017). Furthermore, moderate 
shade, adequate labour and appropriate but not prophylactic use of artificial inputs can be combined 
with ecological engineering (Gurr et al., 2004) to provide high biodiversity and sustainable crop yields 
(Clough et al., 2011). Many studies confirm that a ‘whole system’ approach may be necessary to 
create a sustainable agro-ecosystem (Tscharntke et al., 2007, 2012; Gurr et al., 2017) and that 
synergies among ecosystem functions may make the system more stable and easier to manage 
(Iverson et al., 2014; Turner et al., 2014). Specifically, up to 8% of the field production area can be 
used for wildlife habitat with no negative effect on yields and in most cases where such habitat was 
present, higher yields were reported, up to 30% in some crops (Pywell et al., 2015). To manage agro-
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ecosystems effectively by taking advantage of synergies among ecosystem functions, multiple 
models may be necessary as they can potentially predict variables accurately enough to be useful in 
agro-ecosystem management (Turner et al., 2014).  
2.5  Conservation biological control in changing climates 
CBC manipulates the biotic and abiotic environment to enhance natural enemy efficacy, populations 
and pest suppression, but a rising concern in the scientific community that can upset CBC functions is 
changing climates. Evidence is building that suggests that climate change is becoming an imminent 
global threat to food security (de Schutter, 2010; Tilman et al., 2011; Woodward & Porter, 2016; 
Myers et al., 2017; United Nations, 2017).  One factor is that pests’ host range, fecundity and damage 
potential can increase with the changing climates (Tylianakis et al., 2008; War et al., 2016). 
Invertebrates are ectothermic organisms and their physiology and resultant fitness are strongly 
influenced by microclimate. This makes them very sensitive to climate change at the population level 
and changes can occur over very short periods of time (Boggs, 2016). In general, a changing climate 
favours generalist species, which suggests that specialists’ populations are likely to decline or 
become extinct (Hof & Svahlin, 2015; Van Dyck et al., 2015). 
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Through the above processes, higher temperatures can cause negative impacts on agro-ecosystems. 
This is because insect outbreaks can increase in frequency due to these changes and associated 
increased frequency of droughts (Figure 4). Changes in precipitation patterns and increasing of CO2 in 
the environment (Murdock et al., 2013; Hof & Svahlin, 2015; War et al., 2016) also impact on 
invertebrates. For example, an increase in temperature and CO2 can lengthen the larval period in 
some species and causes greater mortality (Sharma et al., 2015). High CO2 levels can reduce 
populations of the aphid parasitoid, Diaeretiella rapae (M’Intosh), by approximately 50% and result 
in a shorter lifespan for adults (Roth & Lindroth, 1995). Not only does elevated CO2 decrease natural 
enemy effectiveness, there can be a difference in the relative effect on predator and parasitoid 
strategies. Under these conditions, generalists can maintain effectiveness while specialists 
experience a reduction in fitness (Chen et al., 2005). These CO2 effects also occur with increased 
temperature (Hemerik et al., 2015).  
              
Figure 4. A wilting tomato crop during drought in Chitwan, Nepal. Photo: Sundar Tiwari. 
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Changing climates will also have major impacts on crop production, interactions between plants and 
invertebrates, and plant physiology. Factors such as temperature, solar radiation, relative humidity, 
precipitation and wind speed directly influence plant physiological processes (Olesen & Bindi, 2002). 
Climate affects the phenology of plants, invertebrates and their local abundance and distributions 
(Hegland et al., 2009). Higher CO2 concentrations change photosynthesis rates and respiration, and 
can subsequently impact crop production (Hegland et al., 2009). Similarly, CO2 and nitrogen 
enrichment may in some instances increase nectar quality and the abundance of flowers (Hegland et 
al., 2009). On the other hand, climate changes can reduce plant defences against pests, thereby 
making them vulnerable to attack (Dhaliwal et al., 2004). Examples of these changes to crops include: 
rice yields which are lower with increasing night temperatures (Peng et al., 2004), wheat yields that 
show reductions with temperatures above 32°C (Gregory et al., 1999) and populations of the moth 
pest, Helicoverpa armigera (Hubner), have shifted from tropical to temperate regions where they 
impact legumes and related crops (Sharma 2005). These plant and invertebrate physiological 
responses to changing climates lead to shifts in geographical distributions, changes in food 
availability and increased competition among organisms. With these changes and the warming of the 
environment, fragile niches could be destroyed and the resulting agro-ecosystems are likely to have 
reduced natural enemy diversity with increased pest outbreaks and successful invasions as a result. 
2.6  Multiple ecosystem services 
CBC is one of many ES, including pollination, nutrient cycling and soil aeration among others. ES are 
processes and functions derived from nature that benefit humans directly or indirectly (Bennett & 
Chaplin-Kramer, 2016; Costanza et al., 2017). Multiple ES can arise from the deployment of SNAP 
(see Section 1) and other agri-environment interventions but have been greatly undervalued (Sandhu 
et al., 2013). Although they can lead to many benefits beyond those originally intended, these are 
rarely quantified. For example, phacelia can enhance biological control but is also greatly favoured by 
bees (Sprague et al., 2016). Furthermore, endemic New Zealand flowering plants in vineyards (Figure 
5) can enhance multiple ES such as weed suppression, mineralization of plant material and soil water 
retention while leading to increased natural enemy abundance and efficacy (Shields et al., 2016). 
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However, this is not the norm as the CBC literature has been largely limited to single ES studies which 
ignore the other ES, heavily restricting end-user attractiveness and adoptability. These single ES 
studies range from field research on natural enemy-pest communities and floral resources (Scarratt 
et al., 2008; Gurr et al., 2012) to laboratory studies looking at natural enemy flower preferences 
(Sivinski et al., 2011), oviposition rates and longevity when they are fed nectar from different sources 
(Lee & Heimpel, 2008). While work on these specific aspects of CBC are helpful in understanding 
parts of the full system, recent research suggests that designing protocols that potentially enhance 
multiple ES would have a higher value and possibly a greater likelihood of adoption (Crowder & 
Jabbour, 2014; Iverson et al., 2014; Geertsema et al., 2016; Gurr et al., 2016).  For instance, 
landscape-scale manipulations can be successful in this respect (Tscharntke et al., 2007; Rusch et al., 
2016) but can sometimes lead to results which are not related to the original aim (Jonsson et al., 
2012).  
An example of highly successful enhancement of multiple ES is the ‘push-pull’ work in East Africa 
(Khan et al., 2000). This economically viable approach has been adopted by over 30,000 farmers and 
provides multiple ES such as pest management, soil fertility, nitrogen fixation and animal fodder. 
These ES provide farmers with multiple avenues of income with low inputs such as increased maize 
yields (by 2.5 t/ha) and sorghum yields (by 1 t/ha), as well as higher milk production (Khan et al., 
2011). The integration of multiple ES in agro-ecosystems with approaches such as ‘push-pull’ is 
considered by many to be a key component of future food production (de Schutter, 2010; Khan et al., 
2011; Tscharntke et al., 2012; Iverson et al., 2014; Gurr et al., 2016; Costanza et al., 2017; Gurr et al., 
2017).  
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Figure 5. An endemic New Zealand plant (Hebe chathamica Cockayne et Allan) under vines, providing 
multiple ecosystem services to the vineyard. Photo: Jean Jack.  
2.7 Ecosystem dis-services 
Habitat manipulation intended to enhance CBC can have specific unintended negative impacts; these 
are known as ecosystem dis-services (EDS) (Zang et al., 2007; Gurr et al., 2017). For instance, added 
vegetation such as floral resources (i.e., SNAP) may benefit pests more than the natural enemies 
(Lynch et al., 2001; Brimner & Boland, 2003; Winding et al., 2004; Tscharntke et al., 2005; Carvalho, 
2006; Zehnder et al., 2007; Cullen et al., 2008; Wolfenbarger et al., 2008; Roubos & Liburd, 2009).  An 
example is that the fecundity of the moth pest, Epiphyas postvittana (Walker), is enhanced with an 
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increase in the availability of some flowering plants (Begum et al., 2006). This indicates the 
importance selecting plant species that minimize EDS which could be in the form of competition for 
resources (Gurr et al., 2017) and pollination (Holzschuh et al., 2012) between the added vegetation 
and crop species. Also the added vegetation could be allelopathic towards the crop (Zhang et al., 
2007).  Furthermore, the wider complexities of food webs need to be considered, for instance 
honeydew-producing pests such as mealybugs are ‘farmed’ by ants that are predators of many 
natural enemies of the mealybug and may reduce biological control of this pest (Daane et al., 2007). 
Many non-crop plants are also hosts of these (Gutierrez et al., 2008) and other pests which 
complicates the selective process for vegetation to be used in CBC habitat manipulation (Winkler et 
al., 2010).  
Potential EDS can be reduced by considering them when designing CBC experiments such as 
measuring E. postvittana development on floral and non-floral plant tissues while investigating 
multiple ES (Shields et al., 2016). Furthermore, modelling the key parameters involved in natural 
enemy traits can be employed to inform biological control (Kean et al., 2003). Complex modelling 
could be used to develop sophisticated CBC service providing protocols (SPPs) (Wratten et al., in 
press) that prevent EDS. However, to achieve this, substantial knowledge of how habitat 
management practices reduce pest damage and what are the associated EDS need to be determined 
(Gurr et al., 2017). 
2.8 Implementation of conservation biological control: From outputs to 
outcomes 
One of the largest barriers to implementation of CBC research results to farming practices is relaying 
information to end-users (primarily farmers) and their willingness to uptake and deploy that 
knowledge. A specific barrier that reduces uptake of this is the perceived negative impacts on the 
livelihood of the local community when CBC advice is provided ‘remotely’, for example at 
government level (Bennett & Dearden, 2014). The solution to this is improved communication 
between policy-makers, scientists and farmers, and improved farmer education about CBC (Bennett 
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& Dearden, 2014; Murage et al., 2015; Wyckhuys et al., 2017). This may be achieved using 
information and communication technologies (ICT) which are increasingly being used with hand-held 
devices such as tablets and mobile phones that can provide multi-media access to CBC information 
with video, SMS and voice-based information delivery (Aker, 2011; Wyckhuys et al., 2017). These can 
be two-way information delivery systems where farmers and growers can communicate issues to 
local government (Aker, 2011; Vong et al., 2013). For example, in Vietnam, rural telecentres have 
been implemented to provide technologically isolated agricultural communities with access to a two-
way information channel that provides information and solutions to problems that local farmers have 
conveyed (Vong et al., 2013). These ICT communication pathways are still largely undervalued, but 
have enormous ‘penetration’ potential, particularly where other infrastructure is underdeveloped. 
However, actual adoption of CBC through these delivery systems is still limited (Aker, 2011; 
Wyckhuys et al., 2017).  
Although modern ‘delivery systems’ such as information on social media can be used, and probably 
have more ‘penetration’ than leaflets and farmer meetings etc., these need to complement direct  
‘pathways to implementation’ involving on-farm, face-to-face communication. Trends in social 
science research in agriculture suggest that working with the famers directly, including having 
demonstration or trial plots, can be successful (Estrada-Carmona et al., 2014). This needs 
complementary approaches as well, including farmer field schools (Figure 6), led not by scientists but 
by ‘farmer teachers’ which are direct and proven pathways to implementation (Warner, 2007; Khan 
et al., 2011; Ferguson & Lovell, 2014; Kiptot & Franzel, 2014; Waddington et al., 2014; Wyckhuys et 
al., 2017).  
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Figure 6. A farmer field school in action in a rice crop in Birendranagar, Nepal. Photo: Sundar Tiwari. 
2.9 The future of conservation biological control  
Many international agenices are indicating that modern, high-impact farming, with associated 
dependance on fossil fuels and a high level of external costs (negative impacts on human health and 
the environment) cannot continue (de Schutter, 2010; Sandhu et al., 2012; Tscharntke et al., 2012; 
Pywell et al., 2015; Gurr et al., 2016; United Nations, 2017). For example, the ‘Green Revolution’ was 
a  ‘solution’ to higher yields (Gaud, 1968). However, it became out of favor because of its negative 
socio-economic effects and the external costs associated with its adoption and practices (Pearse, 
1980; Tilman, 1998; Iverson et al., 2014). Now, potentially oxymoronic ideas such as ‘sustainable 
intensification’ are frequently advocated (e.g. Godfray et al., 2010; Pywell et al., 2015; Gurr et al., 
2017). Whatever the proposed improvements, CBC needs to be part of a paradigm change in terms 
of how agriculture is practised, with a much greater emphasis on enhancing the contribution that ES 
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can make to sustainability, incuding reduced dependence on fossil-fuel based inputs. The key 
challenges will be: (1) understanding the food-web dynamics of which CBC is a substantial part; (2) 
establishing clear pathways from a research outputs to achieving real outcomes; and (3) moving from 
high-level policy goals to practical on-farm changes. The latter is made more difficult by the 
relentless pursuit of GDP as part of economic growth (Costanza et al., 2014) coupled with key 
governments pursuing neo-liberal policies in which interventions in society by the state are 
transferred to private enterprise. Compounding the above is the intense and well-funded marketing 
by agro-chemical companies, supporting prophylactic use of their products, coupled with a low 
educational standard in developing countires. Converting science outputs to outcomes, including the 
deployment of proven pathways to implementation remains a key challenge in CBC, and in in all 
agro-ecological approaches.  
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Chapter 3 
A comparison of anesthesia techniques for entomological 
experimentation: Survival of the leaf-mining fly pest Scaptomyza 
flava Fallén (Diptera: Drosophilidae) 
3.1 Introduction 
A key pest of brassicas worldwide is the leaf-mining fly, Scaptomyza flava (Fallén, 1823), which can 
cause cosmetic damage leading to crop rejection by supermarkets/consumers (Shakeel et al., 2009). 
In climates where leafy salad brassicas are harvested all year, the flies are almost always present 
(Seraj, 1994). This necessitates control throughout the entire harvesting season and usually consists 
of the prophylactic application of insecticides. One way of ameliorating the negative environmental 
impacts of this approach is to enhance the effectiveness of biological control by providing alternative 
food sources for natural enemies. The planting of selected flowering plants can be useful in this 
respect, as many parasitoids and other insects feed on certain nectars. This, in turn, can improve 
their efficacy (Tylianakis et al., 2004; Gurr et al., 2012) by increasing fecundity and survival of natural 
enemies (Gurr et al., 2017). Handling of live insects is necessary to evaluate different flowering plants 
for their potential as a food source. This is difficult without anesthesia. 
Documented experiments began in the 1920s to investigate possible techniques to render insects 
immobile without killing them (Willis, 1925). Many approaches have been developed since then, 
each with its own advantages and disadvantages (Wedberg & Clarke, 1947; Worthen & Moore, 1991; 
Ratterman, 2003; Chen & Hillyer, 2013). For example, ether can be an effective anesthetic but is 
harmful to the user, whereas chilling is benign to the user but has a short anesthesia effect (Barron, 
2000; Ratterman, 2003).  If the intention is to work on the behaviour, ecological fitness or other 
aspects of an insect’s biology, it becomes important to know how these approaches will affect it. 
Therefore, alternative techniques that can be managed so as not to harm the user or the insect are 
needed (Champion De Crespigny & Wedell, 2008; Cooper, 2011; Smith et al., 2014). Three types of 
anesthesia have recently been used with varying success. These are carbon dioxide (CO2), chilling and 
triethylamine vapour (TEA). Here, we compare these three approaches, because of the possibly 
unjustified popularity of both CO2 and chilling, and the relatively unknown sub-lethal effects of TEA. 
This compound is used in a commercial product initially developed for anesthesia of Drosophila spp. 
for educational purposes, but little work has been carried out to elucidate its physiological 
mechanisms of action and lethal and sub-lethal effects on insects (Ratterman, 2003). This study 
focuses on survival as the key ‘fitness’ trait measured because this is the variable that is most usually 
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quantified in laboratory work on developing agro-ecological schemes (Berndt et al., 2006; Nafziger & 
Fadamiro, 2011). TEA is suspected to be a superior anesthesia technique as it has commercial uses 
that tout its safety, ease, speed and duration of anesthesia (Supply, 2012; Binkley, 2016). We used 
the common leaf-mining fly pest, Scaptomyza flava (Fallén), as our study organism. 
3.1.1 Carbon dioxide as an insect anesthetic 
CO2 has been used for decades for this purpose, documented as early as the 1920s (Willis, 1925). At 
high concentrations, this gas interferes with signals that trigger central nervous system function, and 
can stimulate some behaviour (e.g. foraging for food) at low concentrations in some insects (Nicolas 
& Sillans, 1989; Badre et al., 2005). Due to its ease of use, reproducible results and relative safety for 
humans, CO2 has often been employed as the primary insect anesthesia technique (Nicolas & Sillans, 
1989; Badre et al., 2005; Champion De Crespigny & Wedell, 2008). However, care must be taken 
when using this gas, as it can also have adverse effects on insect behaviour and fertility (Ribbands, 
1950; Nicolas & Sillans, 1989; Champion De Crespigny & Wedell, 2008). Such effects can occur across 
many insect orders, from survival and fecundity in orthopterans (Chen et al., 2013), to role-switching 
in social insects such as honey bees (Nicolas & Sillans, 1989). In the Drosophilidae, which includes S. 
flava, CO2 affects Drosophila species’ fecundity, survival (Barron, 2000; Fresia et al., 2001; Champion 
De Crespigny & Wedell, 2008), metabolic processes (Colinet & Renault, 2012) and learning/memory 
(Margulies et al., 2005). Another drawback with this gas is that it must be stored under pressure, 
presenting possible safety issues for the user because of the weight of the cylinders, which can lead 
to injury (Artiss & Hughes, 2007). Depending on duration of use, rental/purchase costs can become 
high because of the equipment needed for application and storage. 
3.1.2 Chilling as an insect anesthetic 
As with CO2, chilling has been commonly used as an insect anesthesia technique for many years 
because of its ease of use and safety (Wedberg & Clarke, 1947; Nilson et al., 2006; Champion De 
Crespigny & Wedell, 2008). It allows the user to take advantage of triggering insect chill coma, which 
is a threshold at which the neuromuscular activity comes to a halt at low temperatures (MacMillan & 
Sinclair, 2011). However, results are variable as they depend on the environment from which the 
insects were collected or reared and the insect species’ response to cold stress. For example, some 
insects from tropical regions have less tolerance of temperature fluctuations than do those in more 
temperate climates (David et al., 1998; Barron, 2000; Reynolds & Orchard, 2011). Some experiments 
have successfully used chilling alone (Reynolds & Orchard, 2011), while one had to use CO2 in 
conjunction with chilling to increase survival after recovery from cold exposure (Nilson et al., 2006). 
Additional effects reported from chilling have been disruptions to mating behaviour and genetic 
upregulation. Condensation on the wall of the container can damage insect wings, which are used in 
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mating displays in some insect groups (Artiss & Hughes, 2007). Also, copulation latency after 
recovery has been observed (Barron, 2000). This suggests that exposure to low temperatures may 
affect reproduction in a range of ways. When observing genetic changes, upregulation of genes in 
response to cold stress has been observed in Drosophila melanogaster Meigen (Zhang et al., 2011) 
especially if it has had repeated exposure. This leads to differences in physiological responses, such 
as increased cold tolerance, which also occurs during acclimation experiments (Colinet et al., 2012; 
Marshall & Sinclair, 2012).  
3.1.3 Triethylamine as an insect anesthetic 
Common use of TEA began in the early 1990s, mostly involving Drosophila spp. (Worthen & Moore, 
1991; Kauffmann et al., 1995). Subsequently, this compound has been used to facilitate the 
observation of anatomical structures (e.g. viewing the heart and spiracles) inside living dissected 
insects (Vogler & Ocorr, 2009; Boppana & Hillyer, 2014). The generally accepted disadvantage of this 
compound is its volatility (Ratterman, 2003; Artiss & Hughes, 2007), which could lead to acute 
toxicity in humans if it is handled inappropriately. To mitigate this, appropriate handling procedures 
and personal protective equipment are necessary. However, this compound can be used in small 
diluted quantities, as only a drop is needed for anesthetizing an entire 35 ml vial of insects (Fresia et 
al., 2001). A 1 L bottle of TEA costs approximately 20USD so, when diluted, its cost is minimal and 
approximately 250 ml was used for this study. This makes TEA cost effective, easily transportable 
(because only small quantities are needed) and reduces risks to users. 
3.2 Materials and Methods 
S. flava was kept in colonies in 60x60x60cm BugDorms (http://bugdorm.megaview.com.tw/) and 
reared on trays of Brassica juncea (L.) Czern ‘Mizuna’ seedlings (Appendix, Figure A1), which were 
kept at 22°C ±2°C in controlled temperature rooms at the Bio-Protection Research Centre, Lincoln 
University, New Zealand. The Mizuna was made available to the flies when it was 3 weeks old. To 
select flies for the experiments a colony was chosen where the adults were removed after a week of 
exposure to the plants, allowing subsequent cohorts to be used for experiments (i.e. 24hr old flies 
were used in each experiment).  
This study comprised three groups of experiments. A preliminary range-finder assessment was used 
to find a range of rates to test from each anesthesia technique. Once that range was found another 
experiment (Group 1) was used to find the most appropriate way to administer each anesthesia 
technique on its own and lastly, Group 2 was conducted to determine whether CO2, chilling or TEA 
were the best anesthesia technique overall. Once the rangefinder was completed the Group 1 
  27 
experiment was carried out. Once the best rates were selected from this experiment (Group 1) for 
each anesthesia technique, Group 2 was conducted.  
Recovery and number dead after 24 h were the response variables that were evaluated to discover 
which rates within anesthesia agents (Range finder and Group 1) were best as well as finding out 
which anesthesia agent was best overall (Group 2). The group 2 experiments also observed longevity. 
Recovery of a fly was defined as its ability to fly when disturbed (i.e., in response to the container 
being gently tapped or in response to user movement). Only three replicates were carried out (see 
3.5 Discussion) as a power analysis predicted that too many replicates would have been needed to 
achieve ideal resolution in the analyses (Table 3.1).  
Each anesthesia technique used different variables (e.g. temperature, concentration) because each 
had a different method of application. Recovery time and mortality were compared between rates of 
the same anesthesia technique for the Group 1 experiment and between anesthesia technique 
treatments in Group 2. In Table 1, the threshold recovery time (900 s or 15 min) was selected as a 
compromise between other options. This was because CO2 recovery time was measured in seconds, 
whereas that for TEA was hours.  
Table 3.1 Power analysis for the experiments that observed recovery time between rates of each 
anesthesia technique (Group 1). Threshold recovery time (15 min) was the variable that determined 
the number of replicates required.  
 
3.2.1 Range finders 
These three anesthesia methods have been described in the literature, but none has used S. flava 
nor compared all three together. Using several previous studies as guidelines, a series of preliminary 
experiments was carried out (range finders) to find the range of the variables in which each 
anesthesia technique could be tested. As each anesthesia method has different properties, different 
variables were measured for each one. CO2 used only duration of exposure because concentration 
could not easily be measured/changed and most published papers do not report concentration used 
when applying CO2 (Nicolas & Sillans, 1989; Nilson et al., 2006; Colinet & Renault, 2012). The 
exposure durations were chosen at an exponential rate starting from 5 s. Chilling used duration of 
exposure and temperature. The times and temperatures were selected by using several earlier 
studies as a guide (David et al., 1998; Nilson et al., 2006; MacMillan & Sinclair, 2011; Reynolds & 
Anesthesia 
technique 
Pooled 
SD 
Threshold 
recovery (min)  
t-value 
(95% conf) 
Degrees of 
freedom 
Replicates 
required  
CO2 1418.15 15 2.015 20 72,584 
Chilling 339.21 15 2.015 44 4,153 
Triethylamine 20.36 15 2.015 185 15 
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Orchard, 2011). Lastly, TEA durations of exposure were selected ad-hoc, as all publications found had 
used a formulated version (Ratterman, 2003; Artiss & Hughes, 2007; Chen & Hillyer, 2013; Boppana 
& Hillyer, 2014) of TEA (FlyNap®, 50% TEA) with which the user had previous experience (<3 min are 
needed for complete anesthesia). The concentrations used in the range finder were 50% and 100% 
because the commercial product uses a 50% solution and based on previous experience with this 
compound. 25 flies were randomly aspirated from the colonies according to the above stated 
methods 
3.2.2 Group 1 - Optimal treatments experiment 
Controls for Group 1 were ambient conditions for CO2 and chilling but 100% ethanol for TEA. The 
latter was chosen because it was diluted in ethanol for experiments. Ethanol did not affect fly 
recovery or mortality rates when compared with the other controls (ambient conditions). 25 flies 
were chosen according to the above method for each treatment for each of the anesthesia 
techniques. 
Carbon dioxide 
After the range-finder was completed, 10 periods (5, 60, 600, 900, 1200, 1500, 1800, 4800, 6000 s 
and control) were selected and replicated three times each (see above). Some of the time periods 
used in the range finder were changed in this experiment to account for the inclusion of observation 
periods. The exposure times of 10240 (approx. 170 min) and 20480s (approx. 341 min) had initially 
been investigated but were removed because they were too time-consuming and expensive to carry 
out. CO2 was applied by inserting a tube into a LabServ P35 35ml vial sealed with a foam plug (Figure 
3.1a). A steady stream of CO2 that was gentle enough not to move the flies around in the vial was 
used. Then flies were sexed under a dissecting microscope with 16x magnification and moved to new 
vials, each of which contained an Eppendorf tube filled with water and plugged with cotton (Figure 
3.1c) so the flies could re-hydrate. The Eppendorf tube was fixed to the side of the vial to protect 
anesthetized flies from being crushed by possible movement of the tube when vials were set on their 
side to be monitored in the controlled temperature room (Appendix A, Figure A2). These treatments 
were checked every 5 min for 6h or until all flies recovered; any deaths were recorded after 24 h.  
Chilling 
15 temperature/exposure combinations (0°C, 2°C, 4°C and 2 h, 4 h, 8 h, 16 h, and 24 h) were chosen 
with 3 replicates each. Into each vial, 25 flies of unknown sex were placed. The vials were then sealed 
with foam plugs (Figure 3.1a) and the evaluation was carried out by placing the vials in holes in a 
Styrofoam float so that they were in the liquid. Temperature was managed by a temperature-
controlled water bath (±0.5°C) using a Low Temperature Circulator LTD-6 (Grant Instruments Ltd, 
Cambridge, UK). There was very low (unmeasurable) temperature variation in this water-bath (10 L 
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60% propylene glycol, 40% water) method; a refrigerator would not have had such temperature 
stability. When the targeted exposure had been reached, the vials with the flies were removed and 
each batch of flies was transferred to a new vial. The latter contained a water-filled Eppendorf tube 
and was then monitored in the controlled temperature room as noted above and shown in Figure 
3.1. The flies were monitored every 5 min for 6 h. 24 h after this period, mortality was recorded. 
Triethylamine 
There were thirty time/concentration combinations evaluated (10, 20, 30, 40, 50, 60 s and 100%, 
75%, 50%, 20% TEA in ethanol) with three replicates for each combination. These treatments used a 
cotton swab soaked in TEA solution was inserted into the vial through a plastic drinking straw, which 
was then sealed with a foam plug (Figure 3.1a) at the termination of exposure. After duration of 
exposure was met, the straw and swab were removed and the flies were gently knocked down to the 
bottom of the tube until they were fully anesthetized. A new cotton swab was used for each 
application of TEA. Mortality was recorded as above.  
 
Figure 3.1 Foam-plugged 35ml vial 
with straw and swab inserted for 
application of triethylamine (A), 
meshed cap (B) Eppendorf tube 
filled with water and with a cotton-
wool plug. A similar vial setup but 
no swab and straw was used when 
applying CO2. The vial with a foam 
plug (A) was floated in a water bath 
for the chilling treatments. All 
treatments used the vial depicted 
in C for data collection. 
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3.2.3 Group 2 - Final comparison experiment 
The experimental design allowed for the optimal rates from each of the three anesthesia techniques 
described above to be determined and included a control. The control was ambient conditions 
because Group 1 found that ethanol had the same response as ambient conditions. The criteria for 
selecting the optimal treatment from each anesthesia approach was based on meeting the 900s (15 
min) threshold for sexing, the longest anesthesia period and fewer deaths after 24 h. The 
experimental arrangement was a randomized block design with three replicates. Twenty flies were 
aspirated into a 35ml tube that were sexed to get as close to a 1:1 sex ratio as possible. Sexing was 
done using a magnification loupe before aspiration and were confirmed after immobilized using a 
dissecting microscope. The sexes were then put into separate vials and monitored for recovery 
(Appendix, Figure A2). Survival was recorded every 24 h after recovery until all flies had died. These 
methods were derived and adapted from other studies that also evaluated invertebrate anesthesia 
methods (Perron et al., 1972; Barron, 2000; Champion De Crespigny & Wedell, 2008; Chen et al., 
2013).   
3.3 Analysis 
As the range finders were run only once to determine a range for selecting the experimental 
variables, i.e. survival/recovery times, no statistical analysis was done. For subsequent tests, Shapiro-
Wilks tests of normality showed that all data were non-normally distributed (all p-values < 0.001) so 
non-parametric analyses were needed.  
3.3.1 Group 1 analysis 
Each anesthesia technique may be administered in different ways, which changes the variables 
tested. The goal in Group 1 was to find the most appropriate way to administer each anesthesia 
method on its own. For each of these experiments, recovery time and mortality rate were estimated. 
A Kaplan-Meier estimator was used to determine the median recovery time in each treatment 
group.  However, there was a problem with this method. Some parameter estimates diverged to + or 
– infinity, a phenomenon known as monotone likelihood which renders parameter estimates 
inaccurate (Heinze & Schemper, 2001). When the Cox’s Proportional Hazard model experiences 
monotone likelihood, the resulting estimates become arbitrary and inaccurate (Heinze & Ploner, 
2002). To resolve this problem, Cox’s Proportional Hazard model was used with Firth’s penalized 
likelihood (Heinze & Dunkler, 2008). In each experiment, the different model structures were 
compared to find the best representative. Each treatment was then tested to determine if there was 
a significantly different recovery time. 
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How the death rate changed with treatment was also estimated. As with recovery time, a Kaplan-
Meier estimator and Cox’s Proportional Hazard model were used. After analysing the results from 
the recovery and death estimates in Group 1, a single treatment was identified in each anesthesia 
type (e.g. CO2, chilling, and TEA) which had the longest recovery time and fewest deaths in 24h. The 
chosen anesthesia treatments were used in a subsequent experiment in group 2. P-values were 
reported from each of the likelihood ratio tests from the model comparisons. 
3.3.2 Group 2 analysis 
The goal in group 2 was to determine whether CO2, chilling or TEA was the best anesthesia technique 
overall. To do this, a single experiment comparing the best treatments identified for each anesthesia 
in Group 1 was performed. A control where no anesthesia was administered was also included. The 
recovery time and survival for each anesthesia technique was estimated using the Kaplan-Meier 
estimator and Cox’s Proportional Hazard model with and without Firth’s correction (noted when 
used). For this experiment, P-values from the likelihood ratio tests were reported. The median 
recovery and median deaths with their respective confidence limits were also reported. To complete 
all analyses in this work, R studio (R version, 3.3.1) with the ‘survival’ (v.2.38, Heinze & Ploner, 2016) 
and ‘coxphf’ (v.1.12, Therneau & Grambsch, 2000) packages were used. 
3.4 Results 
3.4.1 Range finders 
The results in Appendix A, Table A.1 were used to select the exposure 
times/concentrations/temperature for each anesthesia type, respectively. For CO2, exposure 
durations after 1800 s had a spike in the number of deaths and used up CO2 supplies rapidly. The 
canisters were completely exhausted after one or two treatments so tests longer than 1800 s were 
not used. Next, chilling did not show much variation between treatments so an exponential increase 
in the exposure time was used at each of the three temperatures, starting at 2 h exposure. This led to 
a final evaluation of 0°, 2° and 4°C with exposure times of 2, 4, 8, 16 and 24 h (120, 240, 480, 960 and 
1440 min, respectively). Lastly, two TEA treatments were carried out, but all the flies died at or 
shortly after 60 s exposure. This led to the development of the design that used 25, 50, 75 and 100% 
TEA with ethanol as the solvent. Each of these concentrations was then paired with 10, 20, 30, 40, 50 
and 60 s exposures, making 24 concentration/time concentrations. 
3.4.2 Group 1 - Optimal treatments 
Carbon dioxide 
The likelihood ratio test suggests that the treatments significantly differed (P < 0.0001). The 
treatments below 900 min exposure (5 min, 60 min, and 600 min) were removed from selection 
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because they did not meet the 900 s (15 min) recovery threshold (Appendix, Table A.2). CO2 exposure 
at 1500 s was selected because it was the treatment with the second highest recovery time but had 
fewer deaths than the 1800 s exposure treatment (0 vs ~3, respectively).  
Chilling 
The likelihood ratio tests for the different chilling models suggest that there is no interaction effect of 
exposure time with temperature (P = 0.8393). However, different temperatures do significantly (P < 
0.0001) affect the recovery time of the flies. Although temperatures do affect the recovery time, 
none of the temperature treatments met the 900 s (15 min) threshold (Appendix, Table A2). The 
longest recovery time occurred when flies were exposed to 0°C for 24 h, but because exposure times 
did not significantly affect the recovery time, 0°C at 8 h exposure was selected for convenience. 
TEA 
The likelihood ratio tests for the different TEA treatments (concentration and exposure time) 
suggested that there is an interaction with fly sex (25%, P = 0.0028; 50%, P = 0.0135; 75%, P = 0.0045; 
100%, P = 0.002). This suggests that males and females respond differently to TEA treatments 
(concentration and exposure time) and that females generally recover sooner than males (P < 
0.0001). The flies in all treatments exceeded the recovery time threshold, but 25% and 100% TEA 
were removed from the selection. 25% TEA treatments were removed because the flies still retained 
mobility, albeit highly reduced, making sexing and transferring between vials difficult. The 100% 
treatment, on the other hand, had a full anesthetic effect for well over 2 h but they caused more 
deaths than the other treatments (4 for 100%, 2 for 75% and 0 for the rest). Using the longest 
anesthetic effect and the lowest number of deaths as the selection criteria led to the decision that 
75% TEA at 60s was the optimal candidate. 
3.4.3 Group 2 - Final comparison experiment 
The Cox’s Proportional Hazard model demonstrated a significant difference between the fly sexes (P 
< 0.0001), so all results in Table 3.2 are separated by sex. There were also clear significant differences 
between all treatments for recovery times (Figure 3.2 and Table 3.3), with TEA having the longest 
recovery (145 and 105 min) and chilling having the shortest (5 min). Lastly, the survival of all 
treatments were not significantly different from each other (Figure 3.3 and Table 3.3). 
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Figure 3.3 Survival rates of Scaptomyza in the three anesthetic treatments and the control. TEA = 
trimethylamine. 
Figure 3.2 Kaplan-Meier analyses of time to recover from anesthesia techniques. The curves for the 
sexes are similar for CO2 and chilling but different in triethylamine (TEA). The graph for controls is not 
shown as it would be superimposed on the y-axis. 
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Table 3.2 Results from comparing the three anesthesia techniques (Group 2 experiment) showing the 
estimates for the median recovery and median deaths with their respective lower and upper 
confidence limits. The anesthesia treatment chosen is highlighted in bold. Two treatments are selected 
because anesthesia type, not effect was the category of interest. The highest median recovery time 
was used to determine the best treatment because there was no significant difference between the 
longevities across all treatments. 
Anesthetic Intensity Exposure Median 
recovery 
(min) 
Lower 
95% 
CL 
(min) 
Lower 
95% 
CL 
(min) 
Median 
deaths 
Lower 
95% CL 
(deaths) 
Upper 
95% CL 
(deaths) 
Control 
(F) 
NA NA 0 NA NA 4 3 5 
Control 
(M) 
NA NA 0 NA NA 4 3 6 
CO2 (F) NA 1500s 15 15 15 5 5 6 
CO2 (M) NA 1500s 15 15 15 4 3 4 
Chilling (F) 0°C 8h 5 5 NA 4 3 6 
Chilling 
(M) 
0°C 8h 5 5 NA 4.5 4 6 
TEA (F) 75% 60s 105 90 125 3.5 3 4 
TEA (M) 75% 60s 145 140 210 4 3 5 
All estimates are based on Cox’s Proportional Hazard model without Firth’s correction 
because infinite values were calculated with Firth’s correction and can not be evaluated. 
95% CL = 95% confidence limit of the mean; F = female; M = male. 
 
3.5 Discussion 
The work in this chapter should be of value to researchers in experimental entomology because the 
relatively depauperate literature in this area could lead experimenters to use approaches with 
limitations or risks unknown to them. Supporting this view is the fact that an unpublished pre-print 
of an earlier version of this chapter in PeerJ has already attracted many views (Appendix, Figure A3). 
Comparing these approaches to insect anesthesia has shown that each anesthesia technique affects 
the flies’ recovery differently. This also demonstrates that there may be different uses for each of 
these anesthesia techniques. For example, when examining the physiology of an insect while it is 
alive, TEA would be favoured because of its long duration of effect after application (Vogler & Ocorr, 
2009; Chen & Hillyer, 2013; Boppana & Hillyer, 2014). If transferring the flies from one container to 
the next is the only action desired (Ratterman, 2003; Artiss & Hughes, 2007), then all three would be 
suitable. In cases where a short recovery time is needed, TEA is not ideal; in all other cases, it is at 
least equitable as an appropriate anesthesia technique when compared to the other two. Although 
three replicates is unusually low, significant results were still found. To complete even this low 
replicate number took 6 months and more would have been logistically impossible. Similar work on 
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insect anesthesia techniques has also used a low replicate number, e.g. Perron et al., 1972, Barron, 
2000 and Champion De Crespigny, 2008.  
For this experiment, we chose TEA as the optimal anesthetic because of its ease of application, cost 
effectiveness, duration of anesthesia effect and because the length of recovery time was not an 
important factor in further experimental designs. Results here have shown that using CO2 or chilling 
can be ineffective when trying to perform observations with anesthetized insects within a specified 
time interval (e.g. less than 900 s did not allow for sexing), despite their frequent use (Perron et al., 
1972, Smith et al., 2014). This work therefore leads to new possibilities for insect anesthesia, when 
killing the insect target is often undesirable (Oi et al., 2013; Price et al., 2015; Cheng & Lin, 2016; 
Sikulu-Lord et al., 2016). Other than the effects on survival, other potential sub-lethal effects of TEA 
were not investigated in this study, whereas these effects have been thoroughly investigated with 
the other two anesthesia techniques. The unforeseen effects that TEA could have include, but are 
not limited to, changes in fecundity, host-searching, and memory and flight patterns (Voinovich et 
al., 2012; Chen et al., 2013). It is also important to reiterate that this compound does have negative 
human health consequences if proper precautions are not followed (Sciencelab, 2013), but it seems 
that a lower concentration (50%) could be used to lessen the hazards. However, the other two 
methodologies can also have detrimental effects if handled improperly, especially CO2; accidents 
with heavy cylinders, for example. It is unlikely, however that the chilling technique used here will 
negatively impact on the user. 
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Chapter 4 
Inter- and intra-specific comparisons of plant nectar on the relative 
longevities of the fly pest Scaptomyza flava Fallén and its 
parasitoid, Asobara sp. (nr. persimilis) Papp 
4.1 Introduction 
Flowering plants are suitable candidates in programmes for conservation biological control as they 
can enhance this and other agroecosystem services (Fiedler et al., 2008). Shelter, nectar, alternative 
food and pollen (SNAP) is a concept that summarises many of the benefits that flowering plants can 
provide to an ecosystem (Gurr et al., 2017). Many other practices, such as ecological enhancement 
schemes which include pollination have flowering plants integrated into them because of these 
benefits (Wratten et al., 2012; Sprague et al., 2016). When SNAP is provided in an ecosystem, it 
provides a reservoir of resources that can be drawn upon by the organisms to improve their ‘fitness’ 
(Nilsson et al., 2016). These allochthonous resources are sometimes also called ‘resource subsidies’ 
(Richardson et al., 2010). This is especially important in agroecosystems which are depauperate in 
non-crop habitats (Wratten et al., 2013). Such landscapes often lead to high pest populations and 
this results in increasing pesticide use. These have external costs (to human health and the 
environment) (Bourguet & Guillemaud, 2016). 
Such costs have shifted public opinion to some extent towards a demand for low to no residues from 
pesticide applications on or in consumed products. This demand has created a need for alternatives 
to pesticide use. Classical biological control, in which potential agents are imported to manage an 
introduced pest, has been investigated for decades as an alternative and has had successes (Gurr et 
al., 2012). However, with tightening border bio-security, it is becoming more and more difficult to 
import such organisms, especially in New Zealand (Eschen et al., 2015). Another alternative approach 
is conservation biological control. This manipulates the cropping environment to improve the 
‘fitness’ and efficacy of existing natural enemies of the pests. Generally, no importation is required in 
this approach, making it more easily accessible to and accepted by growers, the public and regulatory 
organisations. 
Globally, leafy greens are an important part of human diets, especially in south and east Asia, and 
elsewhere are grown for packaged salads for supermarket sales. In New Zealand, salad crops 
generated $NZ 53.7m (~$US 37.8m) during the 2015-2016 year (Wilkinson et al., 2015). In this 
system, most crops are brassica species grown for their leaves, which are harvested ~21 days after 
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sowing, then processed for packaging. The major pest on these brassicas in New Zealand is 
Scaptomyza flava, Fallén (Drosophilidae) a leaf mining fly, which is currently controlled by 
prophylactic pesticide applications. S. flava larvae mine the leaves and cause cosmetic damage. If 
these damaged leaves are not found during processing, the entire product can be rejected by the 
market; there is a zero tolerance for this type of damage. This suggests that there is no scope for 
biological control but if the proportion of leaves attacked is reduced, this would lead to a lower 
rejection rate in the packhouse, saving labour and time (and thus money). The parasitoid species 
evaluated in this study was Asobara sp. (nr. persimilis) Papp, 1977 (Braconidae). This is a koinobiont 
endoparasitoid that targets the larval and pupal stages of S. flava and Asobara sp. (nr. persimilis) 
originates from Australia (Prince, 1976) which this species is known to be near if not this exact 
species (robust analysis is still needed to find a conclusion). It was chosen because it had been 
released across New Zealand to control S. flava (MacDonald et al., 2011). 
The first step in creating a successful conservation biological control programme using flowering 
plants is the laboratory evaluation of candidate plants and their effects on the fitness of the pest(s) 
and natural enemies. This study examined the longevity (a proxy for fitness) of the fly and the 
parasitoid on different flowering plant cultivars (just fly was used for the cultivar evaluations) and 
species. The cultivar experiment examined cultivars taken from Lobularia maritima (L.) Desv. (sweet 
alyssum). In another experiment, Phacelia tanacetifolia ‘Balo’, Bentham, Fagopyrum esculentum 
Moench. cv. Katowase (buckwheat), and Leptinella dioica, Hook.f. (shore cotula), a New Zealand 
endemic species were used. The latter species was chosen based on its provision of a range of 
ecosystem services in horticulture (Shields et al., 2016) that included invertebrate conservation, pest 
development, enhancing predator densities and other variables important for plant growth. It is of 
note to report that L. maritima is a known host plant of S. flava but leaves are not made available to 
the insects (only the flowers) and they are not known to use the flowers’ parts as a food source (only 
leaves and nectar).Buckwheat was suspected to have the greatest positive effect on longevity 
because of previous research (Nafziger & Fadamiro, 2011; Varennes et al., 2016). The overall goal 
was to find a flowering plant that benefited the parasitoid more than the pest. 
4.2 Materials and Methods 
S. flava and A. sp. (nr. persimilis) were kept in colonies in 60 x 60 x 60 cm BugDorms 
(http://bugdorm.megaview.com.tw/). S. flava was reared on 60cm x 30cm x 20cm trays of 
Brassica juncea ‘Mizuna’, which were kept at 22 ± 2°C in controlled temperature rooms with a 16 h 
day length. A. sp. (nr. persimilis) was introduced to a portion of the established S. flava colonies for 
rearing. Established colonies were defined as colonies that have had several generations of 
successful cohorts emerge from them. Cultivars of the two species were kept in separate rooms at 
  38 
the Bio-Protection Research Centre (https://bioprotection.org.nz), Lincoln University, Lincoln, New 
Zealand. The B. juncea was made available to the flies when it was 3 weeks old. The flies and A. sp. 
(nr. persimilis) that were used for the flowering plant evaluations were females that were 2 ± 1 days 
old and were all chosen at random from their respective colonies. 
 
4.2.1 Alyssum cultivar evaluations with Scaptomyza flava 
The first experiment used different cultivars of alyssum. The method was adapted from Begum et al., 
(2004), who examined cultivars of alyssum with different flower colours. However, the six cultivars 
used in this experiment (‘Benthamii White’, ‘New Carpet of Snow’, ‘Snowcloth’, ‘Tiny Tim’, ‘Compacta 
Minima’, and ‘Crystallina’) all had white flowers. Only the flies were used in this group of 
experiments because there was a very limited number of seeds for some cultivars, as these were 
experimental and not publicly released. Single plants of each cultivar were presented at random with 
a single female S. flava. The flies were put into transparent plastic chambers (Fig. 4.1), each of which 
contained a single inflorescence as well as an Eppendorf tube filled with water and plugged with 
cotton wool, so the flies could maintain hydration. Controls consisted of a similar chamber, but 
contained no inflorescence. The chambers contained two foam plugs to allow access to the chamber. 
One was for the insertion of the inflorescence, while maintaining a seal that would not damage it and 
the second was a ventilation mesh. The fly numbers were monitored daily until all had died. 
Fly/cultivar combinations were replicated ten times and plants were only used once. 
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4.2.2 Flowering plant species evaluations with S. flava 
This experiment used cages with a single female S. flava with a single inflorescence spike of four test 
plant species and a water control. These were L. maritima ‘Bentamii White’, P. tanacetifolia ‘Balo’, F. 
esculentum ‘Katowase’, and L. dioica. The same chamber arrangement was used to monitor the flies 
until all had died. There were seven replicates because some plants died before experimentation 
began. Each of these plant species was chosen for the evaluations because of their frequent 
appearance in the biological control literature, except for L. dioica which is an endemic species and 
could be of particular use (see Section 1).  
4.2.3 Flowering plant species evaluations with A. sp. (nr. persimilis) 
The third and final experiment used a single female A. sp. (nr. persimilis) in each replicate as with the 
flies, except that L. dioica was removed because of its unreliable flowering under laboratory 
conditions. There were six replicates instead of seven because some plants died before the 
experiment was conducted (plants were not reused from the previous experiments). 
Figure 4.1 A chamber used to isolate a female 
Scaptomyza flava with an inflorescence. All 
containers had an Eppendorf tube filled with 
water and plugged with cotton for insect 
hydration. 
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4.2.4 Analysis 
Tests 
Survival was analysed in R studio (R version, 3.3.1) with the ‘survival’ (v.2.38, Heinze & Ploner, 2016) 
and ‘coxphf’ (v.1.12, Therneau & Grambsch, 2000) packages. This analysis was used because the 
information gathered comprised survival data by nature, so non-normal data of this type is thought 
to be better analysed in a less conventional way. However, the complex and perhaps equivocal 
nature of these results made it useful to run a simpler analysis as well. This was indeed done and the 
methods used and the rationale for selecting them are given below.  
Rationale for survival tests 
This approach was used in similar study systems (Lavandero et al., 2005; Araj et al., 2006). The initial 
analysis (survival) used Cox’s proportional hazard model to test if survival time depended on the 
flower species used. Unfortunately, in this analysis some parameter estimates diverged to + or - 
infinity, a phenomenon known as monotone likelihood, which renders parameter estimates 
inaccurate (Heinze & Schemper, 2001). More specifically, “it has been recognized that under certain 
circumstances parameter estimates may diverge to infinity despite … convergence of the likelihood,” 
(Heinze & Dunkler 2008). In this work’s context, this means that the treatments differed so greatly 
that it is difficult to compute 95% confidence intervals and, as a result, the lower CI and not the 
upper CI were often the only bounds reported, even though all treatments experienced 
“convergence of the likelihood” (death).  
However, the data (median, means etc.) derived from the tests were still relevant and very probably 
significant (i.e. the model fit p-value was < 0.001). Because of problems caused by monotone 
likelihood, the procedure recommended by Heinze & Dunkler (2008) (a likelihood ratio test using 
Cox’s proportional hazard model with Firth’s correction) was used. This correction made the usage of 
the medians applicable because if the bounds were unreportable, but medians between treatments 
differed, they were highly likely to be different because their parameters diverged to infinity (i.e. 
treatments are very likely to be different from each other). This tested if the survival time in a given 
treatment (i.e. for a given species or alyssum cultivar, depending on the experiment) differed from 
that for the appropriate control group. In addition to the analysis of Cox’s proportional hazard model, 
it is often useful to visualise how survival probability changes with time. In view of this consideration, 
Kaplan Meier curves were also plotted. When it was confirmed that there were probably differences 
among flower types, the flower that resulted in the highest median survival time was selected as the 
best. 
Rationale for analysis of variance 
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For an analysis of variance, the key assumptions are that, as for any linear model, including ANOVA, 
constancy of variance and independence (the latter achieved by randomisation at the design stage). 
This is explained in Wood & Saville (2013). So, in this analysis, log transformation was used for both 
the fly and parasitoid data sets. 
 
4.3 Results 
4.3.1 Alyssum cultivar evaluations with Scaptomyza flava (survival analysis) 
All treatments (i.e. alyssum cultivars) were significantly different (P < 0.0001) from the control, 
except ‘Tiny Tim’ (P = 0.296).  The longevity of the insects (Table 4.1) did not significantly differ 
between the control, ‘Tiny Tim’, ‘Crystallina’, ‘Compacta Minima’ and ‘Snow Cloth.’ These 
conclusions were based on Cox’s model (see Section 2.4). ‘Benthamii White’ and ‘New Carpet of 
Snow’ had higher survival rates than the rest but did not differ significantly from each other (Table 1). 
‘Benthamii White’ was selected for use in the subsequent species evaluations because of its greatest 
positive impact on longevity (Table 4.1 and Fig. 4.2).  
Table 4.1 A comparison between alyssum cultivars for Scaptomyza flava longevity. The upper 
confidence limits have not been reported because of monotone likelihood (see Section 4.2.4). The 
cultivar with the highest median survival time (hereafter the best) is denoted by an asterix (*). 
Cultivar Median survival (days) Lower confidence limits 
Control 3 2 
Crystallina 4 4 
Benthamii White* 8 7 
New Carpet of Snow 7 6 
Compacta Minima 4 4 
Snow Cloth 5 4 
Tiny Tim 4 ## 
## Monotone likelihood causes unbounded confidence limits. 
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4.3.2 Flowering plant species evaluations with S. flava (survival analysis) 
The survival analysis estimates show that treatment means were significantly different (P < 0.01) 
from the control, except L. dioica (P = 0.234). However, the longevity for all species overlapped, 
excluding alyssum (Table 4.2). This is apparent as the lower confidence limits (Table 4.2) overlapped 
with the control median. This indicates that L. dioica, P. tanacetifolia and F. esculentum are not 
significantly different from the water control, leaving alyssum (cv. ‘Benthamii White’) as the only 
treatment that differed significantly from the control.  
Table 4.2 Longevity of Scaptomyza flava on five species of flowering plants. The upper confidence limits 
have not been reported because of monotone likelihood (see section 4.2.4). The species resulting in 
the highest median survival time (hereafter the ‘best’) is denoted with an asterix (*). 
Species Common name Median survival (days) Lower confidence 
limits 
Control Control 4 2 
Figure 4.2 Kaplan-Meier survival curves of Scaptomyza flava adults on six flowering Lobularia maritima 
(alyssum) cultivars (see Table 1). The control line (black) reaches the x-axis at 4 days, as does that for ‘Tiny 
Tim’ (yellow line). 
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Leptinella dioica Leptinella 4 4 
Lobularia maritima Alyssum 6 6 
Phacelia tanacetifolia Phacelia 5 4 
Fagopyrum 
esculentum* 
Buckwheat 13 4 
 
4.3.3 Flowering plant species evaluations with A. sp. (nr. persimilis) (survival 
analysis) 
The survival analysis estimates show that treatment means are significantly different from the 
control (P < 0.001). However, analysis of the medians using the methods described in Section 2.2 
indicate that alyssum is no better than the control (Table 4.3) and phacelia is no better than alyssum. 
This leaves buckwheat as the best candidate because it has the highest median survival (Figure 3.3). 
Table 4.3 Asobara sp. (nr. persimilis) longevity on different flowering plant species. The upper 
confidence limits have not been reported because of monotone likelihood (see Section 4.2.4). the 
criterion to designate the best species was the same as Tables 1 and 2. The species with the highest 
median survival time is denoted with an asterix (*). 
Species Common name Median survival 
(days) 
Lower confidence 
limits 
Control Control 5.5 4 
Lobularia maritima Alyssum 5 4 
Phacelia tanacetifolia Phacelia 6.5 5 
Fagopyrum 
esculentum* 
Buckwheat 7.5 7* 
*Monotone likelihood causes inaccurate bounds 
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4.3.4 Alyssum culitvar evaluations with Scaptomyza flava (ANOVA) 
Scaptomyza flava survived the longest on ‘Benthamii White’ (approx. 8 days) and the shortest on just 
water (Table 4.4.) (approx. 3 days). “Benthamii White’ and ‘New Carpet of Snow’ were no different 
from each other but significantly different than all the other treatments (P<0.05). ‘Snow Cloth’ and 
‘Cystallina’ were significantly different than the control but none of the treatments below them (Table 
4.4). The rest of the treatments (‘Compacta Minima’ and ‘Tiny Tim’) were no different than water. 
Table 4.4 ANOVA table results of survival means for Scaptomyza flava on six different L. maritima 
cultivars and water controls. Data was non-parametric so a log transformation was used and then data 
in the second mean column was back-transformed for relatability. 
Variety Mean 
 
Mean# 
 
BenthamiiWhite 0.884 a 7.65 a 
NewCarpetofSnow 0.818 a 6.58 a 
SnowCloth 0.660 b 4.57 b 
Crystallina 0.619 b 4.16 b 
CompactaMinima 0.582 bc 3.82 bc 
TinyTim 0.572 bc 3.73 bc 
Control 0.452 c 2.83 c 
LSD(5%) 0.136 
 
1.37 ##LSRatio(5%) 
#Back-transformed data 
## LSRatio – two means differ at p<0.5 if their difference exceeds this number. 
 
Figure 4.3 Kaplan-Meier survival curves of Asobara sp. (nr. persimilis) adults on 3 different flowering 
plant species (see Table 4.3). 
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4.3.5 Flowering plant species evaluations with S.flava (ANOVA) 
Scaptomyza flava survived longest on Buckwheat (approx. 10 days) and shortest on water (approx. 3 
days) (Table 4.5). Buckwheat, alyssum and phacelia were no different than each other (Table 4.5). 
Buckwheat was significantly different than Leptinella and water (Table 4.5). Alyssum was significantly 
different than water (Table 4.5). Phacelia and Leptinella were no different than water (Table 4.5) 
Table 4.5 ANOVA table results of survival means for Scaptomyza flava on four different plant species 
and water controls. Data was non-parametric so a log transformation was used and then data in the 
second mean column was back-transformed for relatability. 
Species Mean 
 
Mean# 
 
Buckwheat 0.983 a 9.62 a 
Alyssum 0.848 ab 7.05 ab 
Phacelia 0.754 abc 5.67 abc 
Leptinella 0.633 bc 4.29 bc 
Control 0.501 c 3.17 c 
LSD(5%) 0.263 
 
1.83 ##LSRatio(5%) 
#Back-transformed data 
## LSRatio – two means differ at p<0.5 if their difference exceeds this number. 
 
 
4.3.6 Flowering plant species evaluations with Asobara sp. (nr. persimilis) (ANOVA) 
Asobara sp. (nr. persimilis) survived longest on buckwheat (approx. 8 days) and shortest on water 
(approx. 4 days) (Table 4.6). Buckwheat significantly differ from all other treatments, while all other 
treatments were no better than water (Table 4.6).  
Table 4.6 ANOVA table results of survival means for Asobara sp. (nr. persimilis) on three different plant 
species and water controls. Data was non-parametric so a log transformation was used and then data 
in the second mean column was back-transformed for relatability. 
Species Mean 
 
Mean# 
 
Buckwheat 0.897 a 7.89 a 
Phacelia 0.758 ab 5.73 ab 
Alyssum 0.654 ab 4.51 ab 
Control 0.628 b 4.25 b 
LSD(5%) 0.266 
 
1.85 ##LSRatio(5%) 
#Back-transformed data 
## LSRatio – two means differ at p<0.5 if their difference exceeds this number. 
 
4.4 Discussion 
The results for the evaluation of alyssum cultivars with flies expand on a related study by Begum et 
al. (2004). However, the criterion for selecting the cultivars in that work was flower colour, which can 
influence insect behaviour as insects have been found to be attracted to different colors (Roubos & 
Liburd, 2009). The present study showed that there can be differences between cultivars on 
longevity even when the flowers appear to be the same colour. It is therefore important to research 
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different cultivars when comparing their effects on insects in the laboratory and field. For example, 
as in the present work, buckwheat is usually the most effective flowering plant species in 
conservation biological control and the cultivar Katowase dominates published work (Scarratt et al., 
2008). Although in the context of this work, choosing buckwheat would seem counterintuitive, 
drosophilids and braconids have similar feeding habits for nectar as they both must push their way 
into the flower to attain nectar (Jervis et al., 1993; Larson et al., 2001). Attack rate a sensu Bailey et. 
al. (1962) has been shown to be the most important variable in this respect and can improve when 
buckwheat nectar is provided to some parasitoids. As discussed below (Kean et al. 2003) have 
demonstrated the importance of search rate rather than fecundity in enhancing parasitoid ‘fitness.’ 
With this in mind, what is best for the fly’s longevity may also be best for that of the wasp; but 
longevity is not the most important parameter in this case. Time and resourcing was also a factor so 
more cultivars were not chosen. In addition, more of these cultivars were not chosen because all 
were experimental except, Benthamii, as it was already available commercially. 
The chemical signals from that plant to which parasitoids respond are beginning to be identified (Foti 
et al., 2015), but it remains largely unknown to what extent other buckwheat cultivars differ in the 
nature and strength of those signals and their effectiveness in enhancing biological control. 
When evaluating different plant species and their effect on longevity, the outcome of the analyses 
supports the initial aim of this work, i.e., to find a flowering plant that benefitted the parasitoid but 
not the pest or at least, more than the pest. Although alyssum cv. ‘Benthamii White’ favoured S. flava 
longevity, it had no such significant effect on the parasitoid. For the latter, buckwheat was the only 
plant species that enhanced Asobara longevity. The experimental support here for the hypothesis 
that some flowering plant species can be selective in favour of the natural enemy could be criticised 
on the basis of replicate number. However, this work represented a technical challenge in not having 
all plant species available and in flower at the same time (see Section 2.2). Six or seven replicates 
were therefore used here but it should be noted that those numbers are similar to those in Berndt 
and Wratten (2005) who evaluated only one flowering plant species. The present study’s findings 
also support other work that shows that flowering plants can be used to increase natural enemy 
‘fitness’ and potentially enhance biological control as well (Scarratt et al., 2008; Tompkins et al., 
2010; Gillespie et al., 2011). Here, all but L. dioica were species that had previous successes in 
enhancing biological control, but this study showed that most of the plant species evaluated (except 
buckwheat) were not significantly better than water. This suggests that there is a high probability 
that there may be an even better flowering plant species that was not used in this study. This is 
because flower morphology and nectar composition has been shown to affect fitness of natural 
enemies (Tylianakis et al., 2004; Wackers, 2004; Vattala et al., 2006; Cawoy et al., 2008; Winkler et 
al., 2009). Therefore, it would be useful to evaluate a wider range of plant families and species. 
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It follows that extensive screening for plant candidates may be necessary to successfully implement 
the best selective conservation biological control using flowering plants. However, the challenge of 
finding complete or partial selectivity, favouring the natural enemy, is likely to be greater in that 
case. Also, in screening for conservation biological control plant candidates, longevity is only one of 
the key natural enemy traits. Attack rates (Kean et al., 2003), proportion of time searching (Araj et al. 
2011), other non-nectar resources (shelter, alternative food, pollen (Gurr et al., 2017), honeydew 
(Varennes et al., 2014), hyperparasitism (Varennes et al., 2014), larval or adult inter- and intra-
specific competition (Poelman et al., 2013) and availability of alternative prey/hosts (Tylianakis et al., 
2007) are important. Modelling and synthesis approaches can help in this regard (Perović et al., 
2017) so that conservation biological control can be given a sound theoretical base. There is also an 
increasing emphasis in agroecology on multiple ecosystem services and these need to be considered 
in conservation biological control programmes (Shields et al., 2016). 
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Chapter 5 
Creating the big picture: Abundance, distribution and movement of 
a leaf mining pest fly, Scaptomyza flava Fallén (Diptera: 
Drosophilidae) and its potential natural enemies in salad crops 
5.1 Introduction 
Flowering plants are commonly used to enhance conservation biological control in agroecosystems 
as many natural enemies feed on the nectar/pollen as resource subsidies from these plants (Scarratt 
et al., 2008; Orre Gordon et al., 2013; Balzan & Moonen, 2014). To determine if and to what effect 
the target insects are utilizing these floral resources, rubidium chloride can be mixed into a solution 
of water and sprayed on the plants (Scarratt et al., 2008). Rubidium follows the same pathway in 
plants as potassium so when sprayed at concentrations higher than background levels, marking of 
tissues can be detected (Corbett et al., 1996). Not only does the marking detect whether the plants 
are being utilized, but it can also empirically demonstrate how far an insect can travel after feeding 
on nectar. This is particularly important in agroecosystems to determine the pattern in which the 
flowering plants need to be sown, to create the most benefit to natural enemies (Scarratt et al., 
2008).  
Another way to examine the effects that flowering plants may have on the targeted insect 
community is to look at the distribution and abundance of the insects before and after the plants 
flower (Ramsden et al., 2014). Flowering plants have been shown to directly affect these in an insect 
community (Amaral et al., 2013; Ramsden et al., 2014). The distribution and abundance can then be 
mapped if GPS coordinates and insect presence are recorded at each sampling to give a snapshot of 
the differences before and after floral resources are present. These maps in combination with the 
rubidium chloride tracking can provide a richer picture of how the floral resources influence insect 
communities and how the agroecosystem should be manipulated to create the most beneficial 
layout of the flowers. This is to give the most benefit for both the insects and the growers. Most 
research to date focuses mainly on the natural enemies, as this gives a moderately good picture of 
how the floral resources potentially impact the agroecosystem. This is because it is assumed that if 
the fitness and/or numbers of natural enemies are enhanced then biocontrol is increased. However, 
this is not always the case as can be seen in cabbage fields where the overall parasitism incidence 
was not increased although longevity was (Lee & Heimpel, 2008). To avoid this pitfall, in the current 
work the pests were also examined to determine the relative benefit of flowers to them as well as 
the natural enemies. 
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This study used the approaches of Scarratt et al. (2008) and Corbett et al. (1996) as templates to 
design the experiments. Scaptomyza flava (Fallén) is the predominant pest in brassica crops in New 
Zealand (Seraj, 1994; Martin, 2012). Such plants, especially loose-leaf Asian brassicas, are used for 
the leaves, as these are consumed as pre-packaged salads. Little is known about the insect 
community in these agroecosystems in New Zealand besides the work conducted by Martin (2004, 
2012) on related brassica crops. His work with S. flava primarily consisted of rearing them and their 
natural enemies from leaf material. This means that the natural enemy identities, life history of both 
insect groups and behaviour of both insect groups have been left for interpretation/discovery. This 
current work went further and investigated multiple parasitoid species to possibly tease apart their 
relationship with S. flava. The hypothesis was, can buckwheat change the abundance and 
distribution of S. flava and its parasitoids, this was based on prior work (Scarratt et al., 2008), the 
hypothesis includes the idea that buckwheat will change the distribution and abundance in favour of 
the fly’s natural enemies (parasitoids). 
5.2 Materials and Methods 
The study site was an organic unit (BHU; https://www.bhu.org.nz/) with an 825m2 plot that consisted 
of 11 Brassica juncea ‘Mizuna’ beds that ran approximately 50m in single rows. The BHU is on the 
Lincoln University campus, New Zealand. The sampling was conducted in the summer of 2015 and 
2016 but, complications arose in 2015 and made it impossible to complete sampling and thus the 
data for 2015 were incomplete and not available for analysis. This left only 2016 data for analysis. 
Fagopyrum esculentum Monech ‘Katowase’, (buckwheat) was the flowering plant chosen, this was 
based on previous work (Scarratt et al. 2008). The buckwheat was sown on one side of the beds, 
running perpendicular to the crop beds. Each sampling point in the field was recorded with a GPS 
system (Garmin GPS60). 
5.2.1 Field sampling 
Sampling was performed before the buckwheat was sown to measure background rubidium levels in 
the insects. Six weeks after buckwheat was sown, Mizuna seed was planted so that the flowering of 
the buckwheat coincided with the commercial harvesting time of Mizuna (which is approximately 21 
days). The initial sampling was completed using a Vortis suction sampler to collect insects for the 
analysis of background rubidium levels. The samples collected after buckwheat flowered were a 
combination of plant harvests (for mines and then rearing) and sticky traps. The traps were set up 
throughout the field (0, 0.5, 1, 2, 4, 8, 16 and 32m from the buckwheat strip) starting at the edge 
beds and moving every other bed until the entire field was covered (beds 1,3,5,7,9 and 11). The 
sticky traps were left for 7 days after the rubidium solution (1000ppm RbCl dissolved in 10L water) 
was sprayed on the flowering buckwheat. Before spraying, flowers were sampled for background 
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concentrations of rubidium. Then flowers were sampled every other day after spraying was 
completed to find the rubidium replacement curve in the flowers nectar reserves. Five flowers were 
chosen from each sampling period and put into individual 1.7ml Eppendorf tubes and these were 
taken from each odd numbered bed of buckwheat. A single flower sample was considered one 
inflorescence spike and the buckwheat samples were located relative to the Mizuna beds for ease of 
comparison. 
5.2.2 Measuring rubidium 
After the yellow sticky traps were collected, the insects were removed from the traps using 
turpentine and both targeted groups of insects (S. flava and parasitoids) were separated into their 
own individual 1.7ml Eppendorf tubes and labelled according to the bed they were sampled from 
and the distance from the buckwheat bed. S. flava and parasitoids were dried in an oven at 32-35°C 
for 24h and then weighed. This was done to adjust for weight, if weight was found to affect the 
rubidium concentrations (ppb) found in each insect. They were then submerged in 97% ethanol and 
frozen. To measure rubidium levels, the organisms needed to be digested. Before this digestion 
occurred, however, high quality photographs were taken of all the key characteristics of the 
parasitoids for retrospective identification, if rubidium concentrations were found to be significantly 
different from the control (before buckwheat was sown) and the information was considered 
interesting (e.g. equal number marked/unmarked or only few marked). After these photographs 
were taken, the insects were digested using a two-step tissue oxidation process outlined in Corbett 
et al. 1996. To oxidise (or digest) the tissues individual specimens were dried in an oven at 32-35°C 
for 24h to evaporate all ethanol and then 50µl of concentrated nitric acid was added and the digest 
was heated in an aluminium heat block at 53-55°C for 2h. After heating, 50µl of 30% hydrogen 
peroxide was added to it and heated at the same temperature for another 2h. After this period, the 
liquid was diluted with 1000 or 1500µl of deionised water and then analysed using an atomic 
absorption spectrophotometer (AAS), following the procedure in Scarratt et al. (2008). If the 
rubidium concentrations could not be read, they were then diluted with 500µl more, because if the 
concentrations were too high the AAS is inaccurate. The machine used was a GBC Scientific GF 3000 
graphite furnace with a PAL 3000 Auto Sampler and a rubidium lamp at a wavelength of 780nm. 
Program parameters were 700°C for 20s charring and 2500°C for 1s of atomisation. The rubidium 
analyses of the insects were restricted to samples taken 0m and 0.5m from the buckwheat because 
of limited funding. 
The flower buds were individually analysed as well. Five buds were chosen at random opposite the 
ends of 6 of the 11 Mizuna beds. This took place over a 7-day period with buds on alternate days 
being taken. In total, therefore, 30 buds were collect. Once these samples were collected they were 
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weighed and digested using the same procedure outlined above except they were always diluted to 
2000µl because of the high concentrations of rubidium found in them.  
5.2.3 Spatial abundance and distribution 
ArcGIS v. 10.3 was the software used to run natural neighbour interpolation to generate abundance 
and distribution maps for S. flava and parasitoids (all parasitoids were grouped together because the 
identities were unknown and there were limited numbers). This was done to find the abundance and 
distribution before and after the buckwheat was planted. 
5.2.4 Analysis 
ANOVA was run in R studio (R v. 3.3.1) to discover if weight influenced rubidium readings (i.e. does a 
larger insect generally have more rubidium in it or vice versa). Insects were considered marked if 
they had rubidium concentrations at least 1 standard deviation above those of the pre-rubidium 
sprayed insects. This criterion was also used to determine marked buckwheat flowers (Scarratt et al., 
2008).  
5.3 Results 
5.3.1 Background concentrations of rubidium 
Weight had a significant effect on the concentrations of rubidium (P<0.0001) so the weights were 
used to readjust the rubidium concentrations for each specimen. Marked flies were considered to be 
those with rubidium concentrations above 1545 parts per billion (ppb). This figure comprises the 
mean rubidium concentration for all Scaptomyza individuals analysed (742.2 + 803.). For parasitoids, 
the respective data were 1717 ppb (870.2 + 846.6) and for the flower buds, the respective data were 
20706 ppb (8462.8 + 122243.3). 
5.3.2 Marked specimens 
25 of the 32 captured Scaptomyza were marked within 0.5m of the buckwheat, and 29 of 35 wasps 
were marked, 94 of the sampled 120 buckwheat flowers were marked after the rubidium was 
sprayed. 30% of the buckwheat flowers were marked two days after spraying, while 90% were 
marked after four days and all flowers were marked between 6 and 8 days. The location of the 
Mizuna bed did not significantly affect the rubidium concentrations (P>0.05) of either the insects or 
the flowers. 
5.3.3 Distribution and abundance maps 
The distribution and abundance of the insects did change over time and can be seen when 
comparing the maps in Figure 5.2 (pre-and post-buckwheat effects on the flies respectively) and 
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Figure 5.3 (pre-and post-buckwheat effects on the wasps respectively). The highest fly density areas 
decreased by approximately 50% while the wasp parasitism rates increased by 4-fold in their highest 
parasitism regions. There is also an apparent attraction of both insect populations towards the 
buckwheat strip. 
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Figure 5.1 The maps display a ‘snapshot’ of the fly mines per leaf in late December 2015 (left) before the 
buckwheat was sown and the fly mines per leaf 6 weeks after buckwheat was sown, causing the sampling 
to occur in early April 2016 (right). The overall densities of the mines decrease with many of the “hotspots” 
in December completely evening out in April. 
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5.4 Discussion 
The results found here suggest that S. flava and most parasitoid wasp species found in this system 
feed on buckwheat and can be marked. Many articles have used rubidium to mark and record the 
consequences of insect movement since Scarratt’s (2008) work (Villegas et al., 2013; Klick et al., 
2015; Madeira & Pons, 2015, 2016) but they tend to focus on just the beneficial insects. This study 
was conducted to find the behaviour consequences of the pest and natural enemies through 
observing their movement so that flowering plants (buckwheat) could be deployed more effectively. 
This study had the unexpected result of demonstrating buckwheat uptake and retention times for 
rubidium when the flowers are the targeted resource sink. Discovering these traits can help 
determine the protocols to access the movement and distribution of insects so that management of 
the pest can be targeted more effectively. This could include finding a better spatial pattern for the 
floral subsidies or to improve the extent to which the plant species deployed benefit the natural 
enemies more than the pests. Interestingly, the buckwheat did not express rubidium concentrations 
Figure 5.2 The maps display a ‘snapshot’ of the wasps reared out of leaf material in late December 2015 
(left) before the buckwheat was sown and the wasps reared out of leaf material 6 weeks after buckwheat 
was sown, causing the sampling to occur in early April 2016 (right). There were generally fewer wasps 
reared in December while in April there was a “hotspot” near the highest densities of the flies, which 
happens to be close to the buckwheat. 
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immediately. This does make sense because the rubidium needs to travel up from the soil through 
the roots and ultimately into the flowers. It appears that with the soil conditions in this study it took 
approximately 6 days to attain 100% marking of flowers. This may suggest that false negatives could 
occur if sampling happened before the 6-day period and that a waiting period may need to occur 
(and be identified) before sampling in the field is conducted when using rubidium as a marker in 
flowering plants.  
The rubidium results and the maps of the distribution and abundance suggest that buckwheat is a 
nectar source for a wide range of insects. In those, it appears to increase local parasitoid densities 
which could influence parasitism rates. Not only do the densities change before and after buckwheat 
is flowering/present but it also appears to alter the distribution by attracting both groups of insects 
closer to the flowering buckwheat. This supports the hypothesis that we can use flowering plants to 
alter the distribution and abundance of insects in the field and suggests this can also benefit the 
natural enemies. Many invertebrate marking techniques focus only on beneficial insects (Bowie et 
al., 1996; Dent 2000). This could be seen as being a little naïve as benefits of added nectar and pollen 
to non-target (in the context of this study) insects could confound the desired results of conservation 
biocontrol approaches. 
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Chapter 6  
A survey of potential natural enemies of Scaptomyza flava obtained 
from yellow sticky traps related to distance from flowering 
buckwheat strip 
6.1 Introduction 
Apart from the detailed examination of potential biological control agents of Scaptomyza flava Fallén 
(chapter 5), it was considered that a broader assessment of potential natural enemies of the pest in 
the studied brassica crops would be useful. The guilds of natural enemies that may be of use in this 
context are likely to range widely from epigeal and climbing Coleoptera, spiders etc. to flying 
predators and parasitoids across a range of guilds and invertebrate families. This survey work was 
limited in space and time but the data generated could still be of use in future research on S. flava. 
The identities of potential biocontrol agents are essential because 1) specialists can be sought after 
for their lack of non-target effects (McEvoy, 1996; Marohasy, 1998; Van Lenteren et al., 2006), and 2) 
the acronym ARMED can be deployed (see below). The aim of this chapter was to discover the 
potential natural enemies of the leaf mining fly Scaptomyza flava for use in developing a 
conservation biological control programme.  This can facilitate the first steps in ARMED (Assess, 
Rank, Manipulate, Evaluate and Deploy; i.e. asses what potential natural enemies exist at the study 
site). This concept is developed further in Shields et al. 2018 and is referred to indirectly in Gurr et 
al., 2017, Southwood & Henderson (2009) and Dent (2000). 
The sampling carried out comprised only yellow sticky traps and the rearing of organisms emerging 
from S. flava mines. This was done at Lincoln and at an Auckland site; see Materials and methods 
section below. Presented here are tables and photographs which identify the main natural enemy 
types collected in this work. The organisms are identified as far as possible with limited taxonomic 
reference material available, but do give an overview of some of the representatives of the natural 
enemy guilds which could impact on S. flava eggs, larvae, pupae or adults. 
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6.2 Materials and methods 
The Lincoln study site consisted of a 15m x 35m plot in an organic farm (Biological Husbandry Unit, 
BHU; https://www.bhu.org.nz/), on the Lincoln University campus. Brassica juncea (L.) Czern. 
‘Mizuna’ was planted in 0.5m-wide beds the entire length (35m) of the plot on March 14th, 2016 
while Fagopyrum esculentum Moench cv. Katowase (buckwheat) was planted 3 weeks before that on 
the northern end, perpendicular to the B. juncea. This was done to ensure that the buckwheat would 
be in flower during the invertebrate sampling period. Three weeks after sowing the B. juncea, yellow 
sticky traps were erected just above the canopy of the crops, starting at the edge beds and were 
erected every other bed (1,3,5,7,9,11) at the edge of the F. esculentum (0m) and then exponential 
distances away from this edge (0.5, 1, 2, 4, 8, 16, 32m). This made up 48 traps that were from Alpha 
Scents (http://www.alphascents.com/). They were 18 x 15cm and hung lengthwise (18cm vertical) 
from bamboo poles so that the bottom edge was 30cm from the plant tops centered in each bed 
(Yathorn et al. 1988). These traps were left for 7 days and then collected. The insects collected were 
then removed from the cards using turpentine and separated into individual Eppendorf tubes for 
identification.  
The insects were stored in ~100% ethanol in a freezer. Brassica juncea ‘Mizuna’ leaves were also 
collected and put into perforated ‘bread bags’ with paper towelling. This was to keep humidity high 
so the leaves did not immediately desiccate and the paper collected any standing moisture. The bags 
were then left until leaves became brown and completely dehydrated (approx. 4 weeks). During this 
time, parasitoid wasps were removed from the bags as they emerged from the mines on the leaf 
material. Time limitations meant that work concentrated in detail only on insects easily identifiable 
to species. Other individuals were identified only to family. There were two groups of harvested 
material, material that came from the BHU and material that came from a commercial site in 
Auckland. The material from Auckland was a commercially harvested batch of highly infested 
material and was reared as stated above. 
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6.2.1 Keys 
Most insects on the sticky traps were Hymenoptera, so a key published by Jacobson et al., (1978) was 
used to determine species of Vespula (Vespidae). For the rest, the LUCID key, “What wasp is that?” 
was used to confirm initial family determinations (Stevens et al., 2007). For the rest of the generalist 
natural enemies, they were easily identified to family using a general taxonomy text (Triplehorn & 
Johnson, 2005). 
6.2.2 Analysis 
Counts were compiled into three different tables. They were separated by: small Hymenoptera and 
generalists found on the sticky traps and reared material from the BHU and the Auckland site. These 
were then classified into insect family and distance from the F. esculentum, except at the Auckland 
site because the material collected was done so by commercial harvesters and distance was not 
recorded because they harvest entire beds at a time. 
6.3 Results 
6.3.1 Sticky traps (small Hymenoptera) 
Ichneumonidae was the most prevalent family on the traps at 62% of hymenopteran individuals while 
Braconidae came second at 21% and Figitidae was third at 10% of the total number of small 
Hymenoptera found (Table 1). Approximately 90% of all Ichneumonidae captured were thought to be 
Diadegma semiclausum (Hellen) based on the Lincoln University PhD thesis of B. Lavandero (2004). 
40% of individuals of all families had peak abundances at 1m and 2m from the buckwheat, constituting 
80% of peak abundances for all families captured. There appeared to be two abundance peaks/family, 
one within 4m of the buckwheat and the other within 16m to the south edge (directly opposite of the 
buckwheat edge) that had no buckwheat. All the sticky trap material came from the BHU as traps could 
not be set up on commercial farms, because of normal far actions including pesticide spraying. 
6.3.2 Sticky traps (generalists) 
Of all the generalists, Vespidae contributed to most individuals found (58%) with Hemerobiidae 
(brown lacewings) being second (27%) and Coccinellidae made up one third (12%) (Table 2). Vespula 
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vulgaris (L.) (Vespidae) made up 82% of all vespids found while Vespula germanica (F.) (Vespidae) 
made up the rest (18%), (Table 2). Hemerobiidae and Coccinelllidae peak abundances were at 8m 
away from the buckwheat, while Nabidae and Vespidae peaks were between 2 and 4m from those 
plants (Table 2). 
6.3.3 Reared Hymenoptera (BHU) 
Eulophidae dominated the Hymenoptera reared from the leaf material with a 60% occurrence, 
Braconidae coming second at 20% and Diapriidae third with 12% (Table 3). Eulophidae and 
Ichneumondiae abundances appeared to peak at 4m from the buckwheat. Braconidae peaked at the 
same distances as the sticky-trap material (1-2m), while Figitidae and Diapriidae appeared to peak at 
0.5m from the buckwheat. 
6.3.4 Reared Hymenoptera (Auckland) 
Torymidae generated most individuals reared from B. juncea ‘Mizuna’ material at 56% of all 
individuals. Next was Figitidae with 19% and lastly, tied at 13% were Eulophidae and Braconidae. 
Distances for this Auckland material were not recorded as it was taken from commercially harvested 
crops (stated above). 
Table 6.1 Numbers of Hymenoptera captured on yellow sticky traps at exponential distances from a 
flowering strip of buckwheat (Fagopyrum esculentum). For position zero, traps were within the 
flowering buckwheat. The work was done at the Biological Husbandry Unit, Lincoln University, Lincoln, 
New Zealand and the traps were collected April 16th 2016. 
Distance (m) 0 0.5 1 2 4 8 16 32 Total 
Braconidae 2 7 23 27 20 22 33 11 145 
Diapriidae 0 1 5 8 2 3 5 1 25 
Encyrtidae 0 0 0 1 0 0 0 0 1 
Eulophidae 1 0 0 0 0 0 0 0 1 
Figitidae 0 0 11 8 4 8 13 27 71 
Formicidae 0 0 0 0 1 0 0 0 1 
Ichneumonidae 20 21 65 43 20 77 77 102 425 
Megaspilidae 0 0 1 1 0 0 0 0 2 
Pteromalidae 0 0 2 4 2 1 2 1 12 
Torymidae 0 0 0 0 0 0 1 0 1 
Total 23 29 107 92 49 111 131 142 684 
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Table 6.2 Counts of insect generalist natural enemies found on yellow sticky traps at exponential 
distances from Fagopyrum esculentum. The work was done at the Biological Husbandry Unit, Lincoln 
University, Lincoln, New Zealand and the traps were collected April 16th 2016. 
Distance (m) 0 0.5 1 2 4 8 16 32 Total 
Coccinellidae 1 1 0 3 3 8 1 1 18 
Hemerobiidae 4 4 4 4 5 10 5 5 41 
Nabidae 1 0 0 1 1 0 2 1 6 
Vespidae 0 10 7 14 10 11 13 24 89 
 
 
Table 6.3 Individual hymenopteran counts per family reared from Brassica juncea 'Mizuna' leaves 
taken from crop plants at the Biological Husbandry Unit, Lincoln University, Lincoln, New Zealand. See 
Materials and methods section and the traps were collected April 16th 2016. 
Distance (m) 0 0.5 1 2 4 8 16 32 Total 
Braconidae 0 0 1 1 0 1 2 0 5 
Diapriidae 0 3 0 0 0 0 0 0 3 
Eulophidae 1 0 0 0 11 1 1 1 15 
Figitidae 0 1 0 0 0 0 0 0 1 
Ichneumonidae 0 0 0 0 1 0 0 0 1 
 
 
6.4 Discussion 
A limited understanding of the species and functions of invertebrate natural enemies of pests is 
available in New Zealand. Most of this information relates to introduced or invasive pest species and 
their biological control agents (Valentine, 1975; Cumber et al., 1977; Early, 1980; Macfarlane & 
Palma, 1987; Noyes, 1988; Donovan, 1989; Syrett, 1990; Harris, 1991; Barratt et al., 1997; Sagarra et 
al., 2001; Raman & Withers, 2003; Irvin et al., 2006; Stevens et al., 2007; Murray et al., 2008) and 
new species are regularly being found e.g., Sivasubramaniam et al. (1997). This chapter represents a 
preliminary survey of natural enemy fauna associated with the main study crop in this thesis 
(Brassica juncea). 
6.4.1 Sticky trap wasps 
The Braconidae, Ichneumonidae and Figitidae dominated the trap catches and these families have 
been used in a range of biological control programs in New Zealand (Cumber et al., 1977; Goldson et 
al., 1992; Berry & Walker, 2004; Berndt et al., 2006; Tomasetto et al., 2016). The main parasitoid of S. 
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flava (Asobara sp. (nr. persimilis), Figure 6.1, Seraj, 1994) is in the Braconidae. Identifying individuals 
in this family to genus was impossible, although some of those captured were very similar to A. sp. 
(nr. persimilis) so some parasitism of S. flava by Asobara in this work is likely. This is also supported 
because a mass release of A. sp. (nr. persimilis) at the BHU was conducted in 2009 (MacDonald et al., 
2011).  Diapriids were the fourth most abundant insect found in the sticky traps and are known to 
parasitize fly larvae (Early & Horning, 1978; Early, 1980; Stevens et al., 2007) and were also found in 
the reared specimens (see below). This lends weight to the likelihood that some diapriids may be 
using S. flava as a host. There was one encyrtid found (Figure 6.2, Noyes, 1988), but this is unlikely to 
be of significance to S. flava as encyrtids are primarily parasitoids of scale insects (Stevens et al., 
2007). All figitids found on the yellow sticky traps were those that attack the brown lacewing 
(Micromus tasmaniae Walker (Hemerobiidae)) i.e., Anacharis zealandica Ashmead (Figitidae) (Irvin et 
al., 2006) which can be seen in Figure 6.3. Identifying the ichneumonids was not necessary as most 
were too large to be of significance (Figure 6.4) to S. flava and the others were clearly Diadegma 
semiclausum, a key parasitoid of the diamondback moth (Plutella xylostella(L.)(Plutellidae)) (Figure 
6.5, Lavandero et al., 2005). The two megaspilids (Figure 6.6) could be parasitoids of almost any of 
the insects in this system. Although they are poorly studied in Australasia, they are known to 
parasitize lacewings, Diptera and scale insects (Hemiptera: Coccidae) (Stevens et al., 2007), which 
means it is possible that S. flava could be an accidental or shifted host for one or more of them. The 
pteromalids (Figure 6.7) could be of interest because they parasitize leaf-miners and gall-inducers 
(Stevens et al., 2007), but none was specifically reared from the leaf material, suggesting that these 
found on the sticky traps may not be associated with S. flava. Torymids are not known to parasitize 
drosophilids so the single torymid (Figure 6.8) from the sticky traps is probably of no interest (Syrett, 
1990; Stevens et al., 2007). 
6.4.2 Generalist natural enemies on sticky traps 
Brown lacewings (Figure 6.9), the German wasp (Vespula germanica, Figure 6.10), the common wasp 
(Vespula vulgaris, Figure 6.11), and the eleven-spotted ladybird beetle (Coccinella undecimpunctata, 
Figure 6.12) were the most abundant generalists caught on the sticky traps. Once S. flava had laid 
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their eggs, these insects could theoretically eat that life stage. Also, the vespids could prey on the 
adults (Harris 1991) or eggs of Scaptomyza but there is no published evidence for this the latter. 
6.4.3 Material from BHU yellow traps 
Five braconids species were reared from the leaf material. Some were clearly Aphidius spp. (Figure 
6.13, Cameron & Walker, 1989), while the others are similar to Asobara spp. (Figure 6.1, Seraj, 1994). 
This may be related to the fact that A. sp. (nr. persimilis) was released in the area in 2009 
(MacDonald et al., 2011). The diapriids found were varied and comprise a probable Trichopria spp. 
(Figure 6.14, Grehan, 1990) and several Spilomicrus spp. (Figure 6.15, Early & Horning, 1978; Early, 
1980) which are all parasitoids of flies (Stevens et al., 2007). The eulophids (Figure 6.16) reared from 
the leaf material are interesting as this suggests they are either hyperparsitoids of whatever is 
parasitizing S. flava or parasitizing small eggs of another insect that was not detected on or from the 
material. Eulophids as a group have a large host range, but none is known primarily to parasitize 
drosophilids in New Zealand (Stevens et al., 2007). The reared figitid is interesting because it is 
clearly not A. zealandica (Figure 6.17), although some figitids are known to parasitize small flies 
(Stevens et al., 2007), which could mean this individual may have emerged from S. flava and not be 
an accidental contaminant, because screening of the material was done to remove all insects found 
that were larger than juvenile aphids. The ichneumonid on the other hand was probably from missed 
diamondback moth eggs and subsequent pupae. 
6.4.4 Material reared from Auckland 
The ‘communities’ of the Hymenoptera found in this material were very similar to the rearings from 
Lincoln material, apart from the torymids (Figure 6.18). This is an interesting group because they may 
be hyperparasitoids of already-existing parasitoids of either S. flava or any aphids that were present 
in the material. This is because as stated above the material was screened prior to the setup for 
rearing out the insects and again, Torymids are not known to parasitize Drosophila or aphids in New 
Zealand. 
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6.4.5 Final remarks 
In summary, there may be some braconids, eulophids, figitids, and torymids of future interest in this 
region for biological control of brassica pests. Also, there may already be hyperparsitism occurring in 
these natural communities and thus could inhibit biological control of Scaptomyza. However, A. sp. 
(nr. persimilis) was chosen for this work because it is the only known parasitoid of Scaptomyza in 
New Zealand, has been successfully mass reared and access to insect colonies is readily available. 
As stated earlier, the survey work presented here is somewhat limited in time and location but gives 
an early indication of the potential guilds of natural enemies which could impact on Scaptomyza 
populations. As indicated at the beginning of this thesis, perhaps the biggest challenge in deploying 
conservation biological control for leaf-mining pests is that the insect’s larval and pupal stages are 
likely to be unavailable to most natural enemy guilds, including some of the taxa identified in this 
survey. It is quite likely, however, that the fly’s egg stage may be vulnerable to a range of guilds even 
though the eggs are laid within the leaf. The literature on this aspect of leaf-miner ecology is under-
researched. However, for another genus of leaf-miner (Stilbosis) this was not the case (Faeth, 1985). 
The eggs of some leaf-miner species are indeed attacked by a suite of parasitoids but there is little or 
no literature on this dynamic for S. flava. The work of Seraj (1994: PhD thesis; Massey University) did 
identify some parasitoids in this guild but work on the dynamics of this interaction was not 
conducted. 
Although yellow traps were used to catch members of these guilds, simulating floral resources, the 
role, if any, of flowers in the life history of many of the trapped insects is unknown. In fact, recent 
work on parasitoids and nectar point to the white flowers of buckwheat (Fagopyrum esculentum 
Moench.) being the most highly ranked rather than species with yellow inflorescences. Also, the 
work was not conducted in an agricultural monoculture but was surrounded by non-crop plants and 
habitat. That, and the discussion on the role of flowers above indicates that it is not possible to 
determine the extent to which the buckwheat flowers influence the spatial patterns observed. It is 
interesting that the only real pattern in the catches of these insects was that numbers were very low 
at position zero. At that site, the yellow trap was within the buckwheat plants, the biomass of which 
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was largely green leaf and stem material with the flowers around 0.5m above the trap. This suggests 
that the trap’s yellow signal was swamped by the signal from the non-flowering parts of the plant. 
 
 
Figure 6.1 A female Asobara sp. (nr. persimilis) adult taken from established laboratory colonies. 
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Figure 6.2 An encyrtid (sex unknown) caught on the yellow sticky traps at the BHU. 
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Figure 6.3 A figitid (sex unknown) found on yellow sticky traps at the BHU. All figitid specimens found 
on sticky traps were Anacharis zealandica, including this specimen. 
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Figure 6.4 A large ichneumonid (sex unknown) found on sticky traps at the BHU. 
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Figure 6.5 A Diadegma semiclausum (sex unknown) specimen found on yellow sticky traps at the BHU. 
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Figure 6.6 A megaspilid (sex unknown) found on yellow sticky traps at the BHU. 
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Figure 6.7 A pteromaild (sex unknown) found on yellow sticky traps taken from the BHU. 
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Figure 6.8 The single torymid (sex unknown) found on the yellow sticky traps taken from the BHU. 
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 Figure 6.10 A Vespula germanica found on yellow sticky traps erected on the BHU. A – Face of V. 
germanica straight black line down centre of face is a distinguishing feature. B – Side view of V. germanica 
solid colour band behind eyes is a second identifying feature. 
A B 
Figure 6.9 A Brown lacewing (Micromus tasmaniae) found on yellow sticky traps taken from the BHU. 
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Figure 6.11 A Vespula vulgaris found on yellow sticky traps erected on the BHU. A – Face of V. vulgaris 
anchor shaped black mark down centre of face is a distinguishing feature. B – Side view of V. vulgaris band 
behind eyes interrupted by a black mark is a second identifying feature. 
Figure 6.12 An eleven-spotted ladybird beetle (Coccinella undecimpunctata) found on yellow sticky traps 
taken from the BHU. 
A B 
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Figure 6.13 An Aphidius sp. (Braconidae) reared from plant material harvest from Brassica juncea ‘Mizuna’ 
grown on the BHU plot. 
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Figure 6.14 A Trichopria sp. (Diapriidae) reared from Brassica juncea 'Mizuna' leaves harvest from plants 
grown on the BHU plot. 
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Figure 6.15 A Spilomicrus sp. (Diapriidae) reared from Brassica juncea 'Mizuna' leaves harvest from plants 
grown on the BHU plot. 
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Figure 6.16 A representative of all eulophids reared from plant material harvested from Brassica juncea 
‘Mizuna’ grown on the BHU plot. 
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Figure 6.17 A reared figitid from Brassica juncea 'Mizuna' material harvest on the BHU. 
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Figure 6.18 A reared torymid from Brassica juncea 'Mizuna' material harvest from the BHU. 
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Chapter 7 
General Discussion  
7.1 Main findings and their implications 
The salad cropping and packaging business in New Zealand has a value of millions of dollars ($NZ 
53.7m/~$US37.8m in 2015/2016) and should dictate that innovative ways to reduce costs while 
maintaining quality and quantity are highly sought after commodities (Wilkinson et al., 2015). This 
PhD work partly aimed at finding such an innovative approach and found some prospects for 
reducing pesticide use. Conservation biological control is a now popular concept of pest control, 
although there are still many questions that need to be answered. It is also interesting to note that 
the group that needs the most guidance is the group that has had the least contact with the scientific 
body of knowledge (farmers) and it is scientists’ social responsibility to disseminate this information 
in a way that reaches these groups, including developing a pathway to implementation (Warner, 
2007). 
At the start of this work, it was found that basic insect handling information was lacking so a 
comparison of anesthesia techniques was conducted. It was found that the common practices of 
insect handling may not have been the most appropriate, so another technique (the use of 
triethylamine) was ultimately the approach selected here. This decision concluded that the amount 
of time necessary to handle the insects was not feasible with the two common practices (chilling and 
CO2), i.e., meeting a 15 min period for an anesthesia effect to occur, so the alternative was selected 
for use. It was also found that if handling many insects, the cost of using CO2 became prohibitive, 
while using the alternative (triethylamine) was highly cost effective (~$NZ 60 for four hours use vs. 
~$NZ 60 for multiple years’ worth respectively). It is prudent to note that the sub-lethal effects of 
triethylamine were not exhaustively investigated here and would need additional work to make sure 
that other aspects of sub-lethal effects on the insects are not affected. 
Having the new handling methodology (triethylamine) available created greater confidence in further 
experimentation. Triethylamine vapour was used to facilitate the selection of female insects and 
introduce them to flowering plants to determine if they affected their longevities. This is important 
because providing floral resources to increase populations and efficacy of beneficial insects is 
popular (Dainese et al., 2017; Graves et al., 2017; Mensah et al., 2017, Gurr et al., 2017), so it is 
important to know exactly what species and cultivar is being used. It is also important to note that 
buckwheat is a strong contender in most floral resource comparison studies as it frequently performs 
better than the others (Scarratt et al., 2008; Foti et al., 2017). This could be because buckwheat 
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originates across Eurasia (Ohnishi, 1998) and S. flava populations coexist within this range (Hackman, 
1959) and as such have become adapted to using the nectar of buckwheat to survive periods lacking 
its host plants on which to oviposit. More likely is that this plant compounds which are particularly 
attractive to parasitoids and has a highly suitable floral morphology and nectar quality (Foti et. al., 
2015). 
Buckwheat laboratory results led to it being chosen as the plant to sow in the field. To attain a better 
understanding of the unmanipulated insect community at this site Brassica juncea ‘Mizuna’ was 
sown so that the harvesting period would coincide with the buckwheat flowering. Samples were 
taken of the buckwheat flowers and Mizuna (for insects) before a solution of rubidium chloride was 
applied to the flowers of buckwheat. This was to find the background rubidium levels.  
The conclusions support those of other similar studies in that some flowering plants can be used to 
increase local populations of beneficial insects (Simpson et al., 2011; Hoddle et al., 2015; Dainese et 
al., 2017; Mensah et al., 2017; Zhao et al., 2017) and rubidium chloride can be used to quantify insect 
movement to some extent (Scarratt et al., 2008; Madeira & Pons, 2015, 2016). Other major 
conclusions here were that there is an anesthesia method that works better than the common 
practices. Also, alyssum cultivars differed in their effects on longevity for the pest species. This aspect 
of conservation biological control is rarely investigated (i.e. plant cultivars). For example, the 
buckwheat cultivar ‘Katowase’ (Irvin et. al., 2006) in conservation biological control dominates 
studies done in New Zealand. Buckwheat has many cultivars, but few have been investigated in this 
respect. Using alyssum has had the same potential limitations so that was addressed here. The 
cultivars were not evaluated against the studied parasitoid, however, because of sporadic availability 
of laboratory cultures outside of the summer season. In this context, maps were created that show a 
shift in distribution of the insects after buckwheat had flowered. All these together support the 
concept that flowering plants can be used to change the local distributions of insects and this may 
lead to pest population suppression. In fact, recent evidence suggests that even the colour yellow 
without any associated sugar reward can enhance oviposition rate by predatory hoverflies (Diperta: 
Syrphidae) in cereals (Day et. al., 2015). It may be the case that a white colour, as buckwheat flowers 
are, may induce a similar effect, but this remains contested. Of course, the hue, tint and intensity of 
‘yellow’ or ‘white’ would need to be evaluated as well. Also, novel here was the first work on this 
global pest and its key parasitoid that showed that nectar can improve ‘fitness.’ Although the relative 
value of buckwheat to the longevity of Scaptomyza and Asobara did not differ between these two 
representatives of the second and third trophic levels, this does not necessarily exclude the 
possibility that the plant’s nectar cannot improve Asobara fitness more than that of its fly host. This 
is discussed in chapter 4. Other parameters apply to a natural enemy’s fitness and efficacy; such 
things as search rate and time spent searching are key (Kean et. al., 2003) 
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7.2 Conclusions 
The work in this thesis addresses particularly challenging aspects of conservation biological control 
(Cons BC) in that the study system is one in which prophylactic use of pesticides is the norm (Daane 
et al., 2008d) and no economic threshold (ET) or economic injury levels (EIL) exist and much of the 
pest’s cycle takes place within the leaf lamina. This does not necessarily exclude parasitoids 
(particularly specialist ones) but, many generalists’ natural enemies would probably be excluded.  
Usually, when Cons BC is successful, pest populations are reduced and other ecosystem services are 
often aligned with that result (Jonsson et al. 2008). In those cases, an EIL has often already been 
established so the population below which pest damage can be tolerated is known. Hence, it is 
known if the Cons BC activities are enough to reduce pest populations below that level. Under a 
prophylactic regime, however, that simple calculation may not be appropriate because of the 
grower’s wish to achieve zero pest damage. The company easily demonstrated, by brushing a hand 
through the growing crop, that large numbers of adult S. flava were active in the crop, so, in fact the 
intended prophylactic regime was not effective (Ashley Berrysmith, Snap Fresh Foods, personal 
communication). In the case of brassica salad crops, the focus of this study, that information means 
that a considerable amount of labour is still required in the packhouse to hand-sort for leaves 
damaged by Scaptomyza miners, even under this (flawed) pesticide regime. The deployment of 
appropriate flowering ‘resource subsidies’ for the BC agent, as used in this study could potentially 
reduce the proportion of damaged leaves entering the packhouse to lower levels especially, if the 
dependence on prophylaxis could be ameliorated. The flow on effects of this should include 
reduction of labour costs in the packhouse. 
If the currently used prophylactic regime continued unchanged, then at least three things follow, 
despite the survival of many of the adult flies, indicating that such a regime was imperfect. It is 
possible that inefficient spray application technologies contributed to the persistence of the adult 
flies as well as continual immigration of the pest from weed hosts. 
1. Many of the Cons BC agents are likely to be killed and a Cons BC regime will not be given the 
best opportunity to establish itself. 
2. There will be no prospects for small reductions in the proportion of leaf damage, as the 
above regime is intended to result in no such damage. 
3. Pesticide resistance may develop. 
4. Another problem is that the rate of development of new agro-chemicals has been decreasing 
over the last 30 years (Williams and Kalmbach, 1943; Altbrod, 1977; Chen, 1987; Morita et 
al., 2007; Hardy et al., 2013; Spark and Naueen 2015, Cordova et al., 2016). This is 
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emphasized by Dr. Anne Thompson, Head of Development and Registration at DOW 
AgroSciences. Speaking at the “The Future of Weed Research” in London in 2008. To 
emphasize this challenge, Dr. Thompson said famously, “Please tell the farmers there is no 
cavalry coming over the hill.” Although this comment related to herbicides, the general 
situation for insecticides is likely the same. 
Establishing a Cons BC regime that includes the addition of attractive non-crop plants to agriculture 
can however provide other ecosystem services (ES). These include having a positive impact on the 
wellbeing of the company’s employees, as well as on the marketing by companies which buy the 
produce and on the ultimate supermarket outlets. This ‘contentment’ ES has been clearly 
demonstrated to be effective in other, related work such as that of Forbes et al. (2009, which 
covered the ‘Greening Waipara’ project, https://bioprotection.org.nz/greening-waipara). With this in 
mind, the attempt to mitigate the effects of the usual monoculture may have an impact on the 
company’s attitude to spraying, the company may have to tolerate a higher rate of crop damage, 
albeit with the consequence of more time being necessary in the packhouse. However, the current 
work did not demonstrate a reduction in the number of leaf mines in relation to buckwheat 
deployment nor any impact of the extent to which pest number were reduced to below the ET or EIL. 
A completely different thesis plan would be necessary to address that. This was not done because 
the damage and ecology of the pest, and of the ecology of its natural enemies, was unknown at the 
start of this project.  
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Appendix A 
Supplementary tables and figures  
Table A.1 Preliminary experiments to find a range of variables in which to test each anesthesia method. 
Preliminary Range finder 
Application 
method 
Temperatu
re (°C) 
Concentration 
(% TEA) 
Time 
exposed 
(sec) 
First fly 
recovered 
Last fly 
recovered 
Deaths 
after 24 h 
CO2 N/A N/A 5 60 89 0 
CO2 N/A N/A 10 38 94 0 
CO2 N/A N/A 20 14 60 0 
CO2 N/A N/A 40 46 120 0 
CO2 N/A N/A 80 68 140 0 
CO2 N/A N/A 160 93 134 0 
CO2 N/A N/A 320 118 230 0 
CO2 N/A N/A 640 363 620 0 
CO2 N/A N/A 1280 1225 1800 0 
CO2 N/A N/A 2560 2820 7205 0 
CO2 N/A N/A 5120 * 
 
4 
CO2 N/A N/A 10240 *   0 
CO2 N/A N/A 20480 ** 
  
Chilling 2 N/A 10 6 41 0 
Figure 7.2 
Figure 7.1 
Figure A.1 Three-week-old Brassica juncea 
'Mizuna' in a 'Bugdorm.' This is the stage at 
which Scaptomyza flava were introduced 
to the plants. 
 
Figure A.2 35 ml vials containing recovering Scaptomyza 
flava. 25mm diameter by 75 mm height. 
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Chilling 2 N/A 30 6 176 0 
Chilling 2 N/A 60 20 464 0 
Chilling 2 N/A 120 6 244 0 
Chilling 2 N/A 240 6 270 0 
Chilling 2 N/A 1080 6 915 0 
Chilling 2 N/A 1440 6 570 0 
Chilling 0 N/A 10 6 52 0 
Chilling 0 N/A 30 6 128 0 
Chilling 0 N/A 60 6 245 0 
Chilling 0 N/A 120 6 511 0 
Chilling 0 N/A 240 6 786 1 
Chilling 0 N/A 1080 6 282 0 
Chilling 0 N/A 1440 6 164 0 
Chilling 4 N/A 10 6 50 0 
Chilling 4 N/A 30 4 154 0 
Chilling 4 N/A 60 8 35 0 
Chilling 4 N/A 120 5 24 0 
Chilling 4 N/A 240 3 48 0 
Chilling 4 N/A 1080 4 12 0 
Chilling 4 N/A 1440 4 10 0 
TEA N/A 50 80 N/A N/A 20 
TEA N/A 100 65 N/A N/A 20 
* left overnight as they didn't recovery in an 8hr work day 
** canister of gas would run out in approx. 5 h so couldn't do this trial as it was too long 
  
Table A.2 Results from the Group 1 experiment. The estimates for the median recovery with the lower 
confidence limits and the mean deaths per replicate are given. The upper confidence limits are not 
reported because they were unbounded because of monotone likelihood. The anesthesia treatments 
chosen for Group 2 are highlighted in grey. The highest median recovery time and lowest death rate 
were used to determine the best treatments. 
Within anesthesia technique (Group 1) effectiveness 
Application 
method 
Intensity Exposure Median 
recovery 
(sec) 
Lower 95% confidence 
limit of the mean 
(sec)# 
Avg deaths per 
treatment after 24 
h 
CO2 N/A 5s 45 28.5 0 
CO2 N/A 60s 102 83.5 0 
CO2 N/A 600s 699 537 0 
CO2 N/A 900s 1082 1081.5 0 
CO2 N/A 1200s 1161 1161 0 
CO2 N/A 1500s 1376 1376.5 0 
CO2 N/A 1800s 4485 4383.2 3.333 
Chilling 0°C 2h 242.5 18 0 
Chilling 0°C 4h 262 435.5 0.333 
Chilling 0°C 8h 268 95 0 
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Chilling 0°C 16h 304 215 0 
Chilling 0°C 24h 606 188.5 1 
Chilling 2°C 2h 47.5 0 0 
Chilling 2°C 4h 17 0 0 
Chilling 2°C 8h 54.5 12 0 
Chilling 2°C 16h 73 0 0 
Chilling 2°C 24h 50.5 30.5 0 
Chilling 4°C 2h 33 6 0 
Chilling 4°C 4h 26 14.5 0 
Chilling 4°C 8h 12.5 3.5 0 
Chilling 4°C 16h 13.5 3 0 
Chilling 4°C 24h 11 6.5 0.333 
TEA 25% 10s 3600 60 1 
TEA 25% 20s 3600 N/A 0 
TEA 25% 30s 6492 93 0 
TEA 25% 40s 5568 72 0 
TEA 25% 50s 5514 84 0 
TEA 25% 60s 5670 64 0 
TEA 50% 10s 6240 87 0 
TEA 50% 20s 7080 100 0 
TEA 50% 30s 6720 95 0 
TEA 50% 40s 7200 93 0 
TEA 50% 50s 7920 93.8 0 
TEA 50% 60s 8760 138 0 
TEA 75% 10s 5490 66 0 
TEA 75% 20s 7020 60 1 
TEA 75% 30s 6570 95 0 
TEA 75% 40s 6840 113 0 
TEA 75% 50s 12240 147 1 
TEA 75% 60s 11052 157 0 
TEA 100% 10s 8520 133 1 
TEA 100% 20s 10680 171 0 
TEA 100% 30s 12120 186 0 
TEA 100% 40s 11160 159 1 
TEA 100% 50s 12000 156 1 
TEA 100% 60s 14220 195 1 
#Upper confidence limits could not be estimated so they are not reported, see text for a more 
detailed explanation. 
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Figure A.3 Evidence that anesthesia information is sought after. This is a preprint and not a peer-
reviewed article. This is important because even with this informal format, there is a high interest in 
it, lending weight that the publication of this material is of interest. 
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